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a spectroscopy  (LIPS)  is  a new  analytical  method  for 
materials  characterisation  which  uses  the  laser  as  the  sampling  and  the  excitation  source. 
In  LIPS,  a short-pulsed  laser  is  tightly  focused  onto  a sample  surface.  During  the  pulse  of 
the  laser,  the  surface  is  healed  beyond  the  latent  heat  of  vaporisation  and  material  is 
ablated.  The  vaporised  material  develops  into  a hot  plasma  of  high  electron  number 
density.  The  light  emitted  from  the  plasma  is  collected,  dispersed  and  detected.  Several 
laser  and  sample  properties  determine  the  threshold  for  ablation  and  subsequent  plasma 
formation,  T 


LIPS  requires  minimal  or  no  sample  preparation  and  can  analyse  any  phase  of 
matter.  Requiring  only  optical  access.  LIPS  has  possible  applications  to  online  process 
monitoring.  In  the  semiconductor  industry.  LIPS  can  provide  spatially-resolved 


elemental  identification.  Depth-resolved  analysis  is  also  possible  if  the  laser  probes  a 
sample  repetitively  in  one  location. 

In  this  work,  laser  ablation  and  plasma  formation  are  studied  to  further  develop 
LIPS  as  a technique  for  spatially-resolved  materials  characterization,  The  laser  is  used  to 

dissertation  provides  an  overview  of  materials  characterization  and  presents  LIPS  as  a 
useful  alternative  to  the  methods  already  in  practice.  Chapters  two  and  three  develop  the 
theory  behind  the  threshold  for  laser  ablation  and  plasma  formation  and  review  previous 
research  on  the  determination  of  ablation  thresholds.  Chapter  four  describes  the 
instrumentation  used.  The  time-resolved  emission  of  the  laser-induced  plasma  is  studied 
in  chapters  five  and  six.  The  emission  is  collected  at  5 laser  irradiances  at  two  laser 
wavelengths.  532  nm  and  1064  nm.  The  final  experimental  chapter  (chapter  seven) 
explores  the  effects  of  laser  imtdiancc  and  wavelength  on  sample  ablation  volume.  The 
ablation  threshold  is  calculated  for  each  sample  studied. 


CHAPTER  1 

MATERIALS  CHARACTERIZATION  AND  SURFACE  TECHNIQUES  FOR 
CHEMICAL  ANALYSIS 


Materials  characterization  and  design  play  an  important  role  in  technology. 
Scientists  want  to  develop  materials  with  ideal  properties.  Depending  on  the  intended  use 
of  die  material,  several  surfaces  might  be  explored.  For  instance,  conosion  and  wear 
characteristics  control  a material's  stability.  This  is  especially  evident  in  die  automobile 
and  medical  prostheses  industries.  If  the  surface  becomes  damaged,  the  material  loses 
function  (I).  In  the  electronics  industry,  surfaces  are  carefully  fabricated  through  a 
systematic  process  so  that  the  manufactured  circuit  performs  its  intended  function  (2). 

The  surfaces  of  most  materials  have  speciftc  requirements.  Once  the  desired 
surface  properties  arc  determined  and  the  surface  is  developed,  how  do  scientists  know 
whether  they  have  achieved  their  goal?  Emerging  technologies  require  microanalydcal 

Surfaces  arc  probed  with  6 basic  sources  of  energy:  electrons,  ions,  neutrals, 
photons,  heal  or  fields.  The  probed  surface  responds,  emitting  electrons,  ions,  neutrals, 

Therefore,  36  different  classes  of  surface  analysis  exist  (2).  Each  class  has  specific 
applications  as  well  as  surface  requiren 


d.  This  is  followed  by  a structural  analys 


tics  as  well  as 
Finally  the 


surface  composition  is  determined.  These  three  steps  usually  require  three  separate 
methods  of  analysts.  In  addition,  several  techniques  arc  used  for  elemental  identification 
and  composition  (4).  Table  l-l  summarizes  the  techniques  most  widely. 


Auger  electron  microscopy  (AES)  is  one  of  the  oldest  surface  techniques.  In 
1923.  Pierre  Auger  bombarded  a gas  with  x-rays  to  cause  P emission  of  electrons,  now 
known  as  Auger  electrons.  Electrons  arc  the  excitation  probe  as  well  as  the  surface 
response.  Scientists  now  use  primary  electrons  to  probe  the  topmost  atomic  layers  of 

volume  near  the  area  in  contact  with  the  electron  beam.  This  allows  for  high  spatial 
resolution.  AES  is  used  primarily  for  conducting  samples  and  is  performed  under  high 
vacuum  conditions  (4).  AES  has  a spatial  resolution  of  20  nm  and  a depth  resolution  of 
1-20  nm.  AES  is  commonly  used  for  determination  of  metals,  especially  contamination 
segregation  in  metals  (5, 6). 

Similar  to  AES,  x-ray  photoelcctron  spectroscopy  (XPS)  detects  electrons  as  the 
surface  response.  However.  XPS  uses  x-ray  photoelcctrons  as  the  excitation  probe. 
Electrons  for  inner  orbitals  arc  ejected  when  bombarded  by  x-ray  photons.  The  chemical 
composition  is  determined  by  measuring  the  electron  binding  energies  (4).  This  technique 
is  qualitative  as  well  as  quantitative.  XPS  has  a spatial  resolution  of  8 pm  and  a depth 
resolution  of  0. 1 nm.  XPS  has  been  used  to  characterize  several  different  surfaces  from 
thin  films  (7)  to  proteins  (8).  These  studies  are  performed  on  a dedicated  XPS 
instrument.  Recently,  XPS  has  been  explored  as 


y.  The  technique  is  useful  in 


production  of  thin  Hints  (9. 10). 

Secondary  ionization  mass  spectrometry  (SIMS)  requires  high  kcV  primary  ions. 
These  ions  bombard  the  surface  ejecting  secondary  atomic  ions  and  cluster  ions.  The 
ejected  ions  are  detected  with  a mass  spectrometer.  Developed  in  the  early  I960's,  this 
technique  was  not  employed  for  surface  analysis  until  the  1980’ s.  Although  chemical 
information  is  obtained.  SIMS  is  not  ideal  for  quantitative  analysis.  It  lias  a spatial 
resolution  of  50  nm  and  the  depth  resolution  is  dependent  on  the  measured  intensity  and 
the  sputtering  time  (4),  SIMS  is  useful  in  characterizing  biochip  surfaces  (II).  and  is 


finishing  processes  ( 1 2). 

Low  energy  ionization  spectroscopy  (LEIS)  and  Rutherford  back  scattering  (RBS) 
arc  two  methods  of  ion  scattering  spectroscopy  (ISS).  In  ISS.  an  ion  beam  is  focused 
onto  a surface.  The  ions  collide  with  the  surface  atoms  in  a two-body  collision. 
Backscattcred  ions  from  the  primary  beam  are  measured  and  their  energy  distribution  is 
measured.  The  energy  spectrum  gives  comprehensive  information  about  the  atomic 
masses  on  the  surface  (4).  LEIS  uses  low  energy  ions  (0.5*5  keV)  and  gives  information 
on  the  top  atomic  layer.  RBS  uses  high  energy  ions  (several  McV)  and  gives  depth 
information  between  30  and  100  nm.  RBS  is  an  excellent  method  for  the  determination 
of  thin  films  (1 3). 


' in  production  facilities  as  well  as  for  surface 


When  coupled  to  an 


inductively  coupled  plasma  mass  spectrometer  (ICP-MS).  the  laser  samples  the  surface 
and  the  plasma  converts  particles  to  atoms  and  finally  ions  for  analysis  by  mass 


spectrometry.  Several  fundamental  studies  focus  on  LA -ICP-MS  (14-17).  Asa 
quantitative  method.  LA-ICP-MS  is  used  to  determine  trace  impurities  in  metals  without 
matrix  matched  standards  (18). 


analytical  method  for  surface 

UPS  requires  minimal  or  no  sample  preparati 
Therefore,  samples  can  be  conductive  or  nt 
Unlike  LA-ICP-MS.  the  sample  is  atomized  and  excited  by  on 

UPS  allows  researchers  to  probe  surfaces  and  gain  knowledge  of  the  local 
distribution  of  atoms  rather  than  bulk  averaging  ( 19).  The  laser  used  in  LIPS  is 
commonly  focused  to  a spot  size  of  50  - 1 00  pin  for  depth  resolution  as  well  as 
compositional  mapping.  Lascroa  and  co-workers  have  published  extensively  on 
multielement  chemical  imaging  and  depth  profiling  of  surfaces  using  LIPS  (3. 19-27). 
Several  of  the  papers  focus  on  depth  resolution  and  uniform  crater  formation.  However. 


Intent  of  Work 


The  following  chapters  detail  experiments  performed.  The  effects  of  laser  irradiance  on 


plasma  emission  and  crater  formation  arc  analyzed.  The  studies  also  include  the  effect  of 


cxcilalion  wavelength.  Breakdown  thresholds  are  determined  theoretically  and 


experimentally  for  several  elements. 


CHAPTER  2 

ASPECTS  OF  LASER-MATERIAL  INTERACTION 


Introduction 

In  1960.  Maiman  first  observed  emission  of  coherent  radiation  from  the  optical 
pumping  of  a ruby  rod  (28).  The  emission  of  coherent  radiation  was  a direct  result  of  a 
population  inversion  in  an  active  medium,  a ruby  rod.  resulting  in  amplification  and 


allows  for  material  ablation  (30).  Unlike  conventional  light  sources,  lasers  have 
directionality  and  monochromaticity  (31).  Therefore,  for  the  last  forty  years,  lasers  have 
become  the  mainstay  of  materials  characterization  and  processing.  Specifically, 
researchers  focused  on  the  study  of  laser-material  interactions,  the  formation  of  laser 


The  first  reported  use  of  lasers  for  spcctrochcmical  analysis  was  in  1 962.  Brech 
and  Cross  recorded  a spectrum  of  elemental  components  in  a microplasma  following 
laser  ablation  (32).  The  plasma  was  formed  using  a normal  pulsed  ruby  laser  and  a pair 
of  electrodes. 

Ablation  studies  in  the  I960's  were  difficult  due  to  the  unreliability  of  lasers. 
Poor  laser  technology  limited  ablation  studies  primarily  to  theoretical  investigations. 


light  amplification  by  stimulated  emission  of  radiation  (29). 


ition  with  high  average  and  peak  power  which 


Analytical  studies  were  restricted  to  qualitative  work,  where  the  amount  of  laser  energy 
was  not  critical  (33). 

The  I970's  and  1980’s  brought  lasers  with  shorter  pulse  lengths,  higher  peak 
power  and  more  stability  (30).  Ruby  lasers  were  replaced  with  neodymium  doped  lasers 
(Nd:Yltrium  Aluminum  Garnet  and  NdiGlass).  The  solid  state  lasers  had  a more  stable 
and  optically  superior  beam,  with  one  drawback.  Most  materials  absorbed  in  the 
ultraviolet  or  visible  region  and  Nd*doped  lasers  emit  in  the  near  infrared.  (33).  Non- 
linear optics  solved  this  problem,  providing  frequency  doubling,  tripling  and  so  forth 

Laser  ablation  was  introduced  commercially  in  the  1990’s,  Lasers  are  not  only  a 


In  laser-induced  plasma  spectroscopy,  a short-pulsed  laser  is  tightly  focused  onto 


I in  a wide  range  of  applications  from  compact 


y.  the  fundamentals  of  lascr- 


y.  The  light  emitted  from  the  plasma  is 


, plasma  formation  and  subsequent  at 


Fundamentals  of  Laser  Ablation  apd  Plasma  Formation 


dependent  on  the  phase  of  sample  at  the  focus  of  the  laser.  The  theory  for  breakdown  in 
gases  forms  the  basis  for  breakdown  in  any  phase. 

Gas  breakdown 

Breakdown  is  initialed  by  ionization  of  the  gas.  The  ionization  can  occur  through 


ionization  (Eq.  2-1)  requires  that  initial  elections  arc  in  the  focal  volume  and  that  the 
electrons  have  energy  greater  than  the  ionization  energy  of  the  sample  gas.  A neutral 
atom  (M)  is  ionized  by  electrons  that  have  sufficient  energy  to  overcome  the  ionization 


Electrons  absorb  laser  radiation  and  convert  the  energy  into  kinetic  motion.  The 
electrons  then  collide  with  a neutral  atom,  ionizing  the  gas.  Similar  to  a photomultiplier 
tube,  one  electron  results  in  two  electrons. . etc.  The 


electron  concentration  increases  throughout  the  lifetime  of  the  laser  pulse  which  leads  to 

During  multiphoton  ionization  (Eq.  2-2),  an  atom  (M)  absorbs  multiple  photons. 
The  additive  energy  of  the  photons  increases  until  there  is  sufficient  energy  to  promote  an 
electron  across  the  band  gap  of  the  element  to  the  conduction  band,  forming  an  ion.  The 


i ionization  (34).  Impact 


(Eq.  2-1) 


e +M  ->2e~  +M  ' 


(Eq.  2-2) 


M + mhv— »M'+e' 


and  therefore  gases  require  high  laser  inadianccs  (>I0’  W/cm!)  for  breakdown.  Solids. 


When  focused  on  a solid,  a pulsed  laser  beam  can  lead  lo  several  processes 
including  healing,  evaporation,  degradation  and  several  non-linear  phenomena.  For 
breakdown  to  occur,  the  processes  of  concern  include  the  ejection  of  material  from  the 
surface  and  the  formation  of  a plasma  (35),  Ablution  and  plasma  formation  occur  in  five 

that  it  is  not  necessary  to  have  a plasma  in  order  for  ablation  to  occur.  Thresholds 
govern  both  ablation  and  plasma  formation. 


Laser-material  interactions  begin  with  the  heating  of  the  sample  surface  by  a laser 


lattice  of  the  target  material.  Therefore,  the  optical  energy  from  the  laser  pulse  is 
converted  into  heat. 


Thermal  energy  from  electron  collisions  causes  the  temperature  of  the  surface  to 
rise  by  thousands  of  degrees.  The  temperature  below  the  surface  also  rises  due  to  heal 
conduction.  II'  a sample  has  a high  thermal  conductivity,  heat  will  dissipate  quickly  away 


The  thermal  energy  on  the  surface  continues  to  rise  throughout  the  laser  pulse  and 
eventually  surpasses  the  latent  heat  of  vaporization.  The  temperature  reaches  a critical 
point.  The  incoming  laser  energy  can  no  longer  be  dissipated  from  the  focal  point  fast 


enough.  The  surface  temperature  rises,  surpassing  the  boiling  point  and  the  result  is 
evaporation  (37). 

Each  sample  has  unique  properties,  which  control  the  occurrence  of  evaporation; 
these  properties  are  thermal  diffusivity,  density  and  the  latent  heat  of  vaporization.  For  a 
constant  laser  pulse  duration,  the  estimated  minimal  laser  irradiancc  for  evaporation  to 
occur  can  be  calculated. 

After  time  I (s),  the  thickness  of  the  healed  material  is  dependent  on  the  density  (p 
(g/ern')),  the  thermal  conductivity  (X  (J/  s cm  K))  and  the  specific  heal  (Cp  (J/g  K)).  The 
evaporation  will  only  take  place  if  the  energy  density  exceeds  the  latent  heat  of 
vaporization  of  the  material  (L,,  (J/g)).  The  time  for  this  all  to  occur  (t.  (s))  should  be 
less  than  the  pulse  duration  (t«.  (s)).  The  above  conditions  arc  expressed  in  equation  2-3 
(38).  The  minimum  irradiancc  for  ablation  is  termed  Emu,. 


Sample  conditions  also  govern  the  time  (t,  (s))  to  reach  the  boiling  point  of  the 
material  (Eq.  2-4).  T,  (K)  is  the  vaporization  temperature  and  T„  (K)  is  the  initial 
surface  temperature  (39). 


lire  temperature  of  the  surface  (T,  (K)>  and  the  rate  of  material  removal  (vM  (g/s)) 
are  represented  in  equations  2-5  and  2-6  (37). 


(Eq.  2-3) 


(Eq.  2-4) 


JlApC„(T,  -r„); 


p\L,  +C,(T,  -r,j| 


(Eq.  2-6) 


Following  laser  ablation,  the  vapor  phase  formed  above  Ihc  sample  surface  is 
partially  ionized.  Similar  to  the  mechanism  for  breakdown  in  gases,  which  require  n seed 
electron,  significant  ionization  is  needed  for  breakdown  in  solids.  Thermally  generated 

Bicmsstrahlung  absorption  forming  a plasma.  The  absorption  causes  healing  which 
results  in  subsequent  expansion  of  the  plasma  (36).  Brcmsstrahlung  is  derived  from  the 
German  words  meaning  to  "slow  down  radiation"  (34).  An  inverse  Bremsstrahlung 
g energy  in  a lexer  field. 

in,  two  important  assumptions  arc  mode.  It  is  assumed  that 


molten  material  ejected  is  negligible  compared  to  that  of  atomic  ejection  (i.c.  the  plasma) 


to  the  square  of  the  laser  wavelength  (40).  The  mechanism  is  referred  to  as  plasma 


Under  ideal  conditions,  a plasma  will  expand  throughout  the  duration  of  the  laser 
pulse.  However,  as  the  plasma  expands,  the  laser  also  heats  the  atmosphere.  The 
atmospheric  heating  occurs  along  the  same  axis  as  plasma  formation.  A graphic 
depiction  of  this  can  be  seen  in  Figure  2- 1 . The  region  of  atmosphere,  which  is  healed. 


absorbs  laser  radiation.  The  absorbing  region  attenuates  the  laser  radiation  which  reaches 


Atomic  Emission  Within  the  Plasma 


Following  laser  ablation  and  plasma  formation,  temperatures  within  the  plasma 
can  reach  25000  K (34).  The  electron  number  density  can  be  us  high  as  10'9  cm'3.  In 
emission  spectroscopy,  these  conditions  describe  an  ideal  excitation  source.  The  energy 
is  sufficient  to  atomize  the  analyte  and  to  excite  the  element  or  elements  of  interest  (29). 


higher  orbitals.  If  an  electron  is  initially  in  the  ground  stale,  the  electron  transition  is 
referred  to  as  a resonance  transition.  Following  excitation,  the  excited  atoms  quickly 


).  The  frequency  of  the 


n.  The  Boltzmann  distribution  relates 
the  number  of  atoms,  ni  (cm'3),  in  an  energy  level  i to  the  total  number  of  atoms,  n,  (cm'3), 
where  g,  is  the  statistical  weight  of  level  i,  E,  is  the  excitation  energy  (J)  relative  to  the 
ground  state,  k is  Boltzmann's  constant  (1.38  x I0'2!  J/K).  T (K)  is  the  absolute 
temperature  and  Z(T)  is  the  partition  function  over  all  states.  (Eq.  2-7)  (29). 

(Eq.  2-7)  n _ n,g,e~" 

1 Z(D 


(Eq.  2-8)  <b,  = Arhvfn,V 

Equation  2-8  expresses  the  radiant  power  of  emission.  as  a function  of 
population  density  in  the  excited  slate,  nj  (cm*3),  the  Einstein  transition  probability.  Aj, 
(s'1),  the  frequency  of  the  transition.  V,,  (s'1)  and  Planck’s  constant,  h (6.626  x 10'M  Js). 
From  equations  2-7  and  2-8,  it  can  be  inferred  that  the  radiant  power  is  proportional  to 
the  excited  state  population  density  and  as  a result  to  the  analyte  concentration  (29). 


The  emitted  radiation  is  a combination  of  radiation  from  each  electronic 


transition.  A monochromator  is  used  to  spatially  disperse  the  radiation  into  spectral  lines. 
In  general,  individual  spectral  emission  lines  are  a symmetric  distribution  of  wavelengths 


about  a mean  which  is  the  maximum  intensity  for  the  emitted  radiation  (41).  The  mean 
wavelength  corresponds  to  the  energy  difference  between  the  energy  levels.  In  a laser- 
induced  plasma,  broadening  of  the  emission  line  is  due  to  Doppler  and  pressure 
broadening  (42). 

In  Doppler  broadening,  a shift  is  observed  in  the  electromagnetic  radiation.  The 
shift  is  a result  of  the  atom  (which  is  emitting  the  radiation)  moving  away  from  the 
detector.  In  the  plasma,  atoms  arc  moving  in  every  direction  with  a Maxwcll-Bohzmann 
velocity  distribution  (4 1 ).  The  atoms  which  move  perpendicular  to  the  detector,  along 


is,  ions  or  electrons.  In  a plasma,  three  types  of  collisions  are  important:  resonance 
action.  Stark  broadening  and  Van  dc  Wants  interactions.  If  the  collision  occurs 

n.  When  an 


broadening.  Van  de  Waals  broadening  occurs  when  two  neutral  panicles  interact  (42). 

Temperature  inhomogeneity  is  another  process  which  affects  the  spectral  line 
profile.  A cooler  region  of  the  plasma,  containing  unexcited  atoms,  surrounds  excited 
utoms  in  the  center  of  the  plasma.  Radiation,  emitted  as  a result  of  resonance  transitions, 
can  be  absorbed  by  the  atoms  in  the  cooler  region  (41).  The  self-absorption  results  in  a 


dip  in  the  ccmcr  of  the  resonance  emission  line.  The  dip  in  the  spectral  line  caused  by  the 
temperature  gradients  within  the  plasma  is  called  self-reversal. 


The  theory  above  describes  the  events  involved  in  laser  ablation,  plasma 
formation  and  atomic  emission.  Laser-induced  plasma  spectroscopy  is  an  analytical  tool 
which  involves  all  three  of  these  phenomena.  Several  parameters  (described  in  this 
chapter)  affect  laser  ablation,  plasma  formation  and  propagation.  Additional  parameters 

ablation  of  copper,  silver,  gold  and  silicon  will  be  explored  in  further  chapters. 


asma  (34). 


CHAPTER  3 

THRESHOLD  DETERMINATIONS 


The  breakdown  threshold  is  defined  as  the  critical  level  at  which  a laser  ablates  a 
sample  and  the  vaporized  sample  develops  into  a plasma.  Several  theoretical  expressions 
have  been  derived  to  calculate  the  breakdown  threshold  (38. 43. 44).  Researchers  have 
also  determined  the  breakdown  threshold  experimentally  (45-54).  rhcorcucuuy. 
researchers  consider  sample  properties  in  breakdown  calculations.  Important  properties 


mention  of  threshold  calculations  is  found  in  the  Laser  Handbook,  written  in  1972  (43). 
Krokhin  proposes  a condition  for  estimating  the  minimal  laser  power  density.  The 
condition  is  shown  in  equation  3-1  where  U is  the  sublimation  energy  (erg  g ').  a is  the 
coefficient  of  thermal  diffusivily  (cm2  s'1)  and  r is  the  duration  of  the  laser  pulse  (s). 


In  the  equation,  qo  (erg  cm’2  s'1)  is  the  laser  power  density  and  q<  (erg  cm'2  s'1)  is 


y.  Experimentally. 


researchers  have  varied  laser  wavelength,  pulse  duration  and  beam  size. 


Theoretical  Threshold  Determinations 


high-energy  laser  radiation  (qoxfc)  causes  evaporation,  atomic  excitation  and  ionization, 
the  condition  needed  for  optical  breakdown. 

Mocnkc-Biankcnbtirg  uses  Krokhin's  ideas  as  a basis  for  a threshold  equation  in 
Laser  Ionization  Mass  Analysis  (38).  An  introductory'  background  on  lasers  and  laser- 
target  interaction  is  given.  The  threshold  equation  is  described  as  the  minimum  absorbed 
power  density.  Emin  ( W/cm1),  below  which  no  evaporation  will  occur  (sec  Equation  2-3). 
Using  a high-power  density  laser,  a sample  will  be  evaporated  and  develop  into  a laser 


Arnold  and  co-workers  present  a method  for  determination  of  the  threshold 
fluencc  (44)  using  computer  simulations.  The  non-stationary  averaging  is  used  to  study  a 
surface  thermal  evaporation  model.  The  averaging  allows  for  study  of  the  influence  of 
temperature  on  specific  heal,  thermal  conductivity  and  absorptivity  and  the  influence  of 
the  laser  temporal  profile.  The  authors  modeled  the  theoretical  ablation  depth  as  a 
function  time  over  the  duration  of  a laser  pulse.  They  found  that  the  ablation  curve  has 
three  regions  which  describe  how  the  laser  energy  interacts  with  the  material  over  lime. 
The  region  characterized  by  material  heating  is  referred  to  as  the  Arrhenius  region.  The 
at  laser  llucnccs  below  the  breakdown  threshold.  A linear 


flucnccs  above  the  threshold. 

From  the  equations  describing  the  linear  region,  the  authors  derived  an  equation 
to  calculate  the  theoretical  breakdown  threshold  llucncc. 


(Eq.  3-2) 


In  equation  3-2,  the  threshold  laser  fluence  (Ow)  is  directly  proportional  to  the 


volumetric  enthalpy  at  the  surface  (H,)  and  indirectly  proportional  to  the  sample 


absorptivity  (A).  The  thermal  length  is 


expressed  as  a. 


Although  calculations  arc  helpful  in  predicting  ablation  thresholds,  it  is  important 
to  recognize  that  all  factors  necessary  for  plasma  formation  might  not  be  considered. 
Therefore,  it  is  useful  to  compare  theoretical  calculations  with  experimental 
determinations.  Although  some  researchers  use  microscopy  to  study  the  ablation 
thresholds,  most  probe  the  plasma  during  formation  to  determine  thresholds  for  ablation. 

Stuart  and  co-workers  used  light  microscopy  as  well  as  scanning  electron 
microscopy  to  investigate  the  breakdown  threshold  of  gold  coatings  (45. 46).  A Ti- 
Sapphiic  laser  was  pulsed  between  0. 1 and  1 000  ps  to  evaluate  the  dependence  of  laser- 
ablation  on  pulse-width.  For  laser  pulses  >30  fs,  the  authors  suggest  the  breakdown  is  a 
two-fold  process:  multiphoton  ionization  followed  by  cascade  ionization.  The 
breakdown  is  initiated  with  the  formation  of  electrons  from  multiphoton  ionization.  Upon 
further  heating  by  the  laser,  the  electrons  collide  leading  to  a cascade  breakdown.  The 


pulses  (<30  fs).  multiphoton  ionization  was  responsible  for  the  damage. 

Some  researchers  have  used  an  additional  laser  pulse  to  determine  thresholds  by 
reflective  optical  probing  (47. 48).  Femtosecond  laser  pulses  were  focused  onto  the 


formation.  The  authors  assume  that  the  threshold  is  surpassed  when  a sharp  ir 


ihc  optical  reflectivity  of  the  sample  surface  is  detected.  As  the  plasma  developed,  the 


resulted  in  a change  in  Ihc  optical  reflectivity  of  the  plasma.  The  authors  defined  the 
threshold  breakdown  as  the  laser  flucncc  at  which  the  optical  reflectivity  sharply 
increases.  As  the  plasma  developed,  the  optical  reflectivity  was  also  measured. 
Thresholds  were  found  for  glass  (2.8  x 1013  W/ctn3),  MgF;  (1.5  x 101’  W/cm3).  sapphire 
(1.3  x 1 011  W/cm3)  and  fused  silica  (1.0  xlOl}  W/cm3). 

Other  researchers  have  extrapolated  the  breakdown  threshold  from  the  ablation 
volume  (49).  Using  a Tirsapphire  laser,  optical  breakdown  was  studied  for  pulse  duration 
between  5 ps  and  5 fs.  Plots  were  made  of  ablation  volume  (Va)  versus  laser  flucncc 
(J/cm3).  A linear  relationship  was  found  and  a regression  line  was  fit  to  the  data.  The 


thresholds  ranged  between  2-1  J/cm\ 

Similarly,  researchers  have  used  extrapolation  to  determine  the  threshold  flucncc 
based  on  plots  of  signal-to-noise  (S/N)  versus  laser  flucnce  (50).  The  authors  propose  that 
the  breakdown  threshold  is  the  minimum  flucncc  needed  to  detect  an  emission  signal. 
They  define  the  limit  of  detection  as  a S/N  ratio  of  3 for  the  most  intense  emission  line. 
Therefore,  the  breakdown  threshold  is  the  laser  flucncc  at  which  a S/N  ratio  of  3 is 
obtained.  A Q-switch  Nd:YAG  laser  (266  nm.  532  nm  and  1064  nm)  generated  the  laser- 
induced  plasma.  Light  from  the  plasma  was  dispersed  and  detected  with  an  intensified 
charge  coupled  device  (ICCD).  Excitation  wavelengths  as  well  as  flucncc  were  varied 


e.  The  increase  in  electron  number  density 


for  each  metal  studied.  The  breakdown  thresholds  1 


experimental  thresholds  for  Cu  and  Air  are  given  in  Table  3*1.  The  calculated  thresholds 
arc  2 times  the  experimental  values, 

A recent  technique  for  threshold  determination  evaluated  pressure  waves 
generated  during  plasma  formation  (SI).  A Hc:Nc  probe  beam  is  passed  parallel  to  the 
target.  A deflection  of  HetNe  beam  indicates  the  presence  of  a pressure  wave.  The  angle 
of  deflection  allowed  an  absolute  measurement  of  the  pressure  amplitude.  The  authors 
determined  the  threshold  flucncc  forTi,  Ni.  Mo,  Cu.  W.  Au  and  Al.  Of  particular  interest 
arc  the  breakdown  thresholds  for  Cu  (0,45  GW/crrf ) and  Au  (0.99  GW/cm2). 


Influence  of  Laser  Properties  on  Breakdown  Thresholds 
The  laser  flucncc  and  spot  size  were  varied  by  Marcus  and  co-workers  (52). 
Previous  papers  have  shown  that  the  energy  of  the  laser  is  deflected  outside  the  focal  area 
by  the  expanding  plasma  when  the  laser  beam  size  is  around  0.03  cm2  (55).  Al  larger 


beam  sizes,  m 

The  spot  size  of  a 500  J CO;  laser  was  varied  using  a focusing  mirror  along  the  optical 


energy  absorbed  to  the  laser  pulse  energy.  E 
larger  spot  sizes. 

The  dependence  of  breakdown  thresholds  on  pulse  duration  was  studied 


ionization,  electron-ion  recombination  and  electron  diffusion.  The  theory  supported 


22 


previous  experimental  work  on  thresholds,  which  found  the  square  root  dependence  but 
had  no  comprehensive  explanations. 

Using  an  acoustic  method  for  determining  breakdown  thresholds.  Apostol  and  co- 
workers  studied  the  effects  of  spot  area  and  target  density  on  ablation  (54).  YBCO 
superconducting  targets  were  studied  with  an  UV  laser  (266  nm).  The  YBCO  samples 
were  prepared  in  two  different  densities.  86%  and  92%.  The  threshold  fluences  were 


findings.  The  threshold  fluence  at  the  92%  YBCO  density  is  roughly  twice  the  flucnce  at 
the  86%  YBCO  density.  For  both  sample  densities,  the  threshold  flucnce  decreases  with 
increasing  laser  spot  size. 


The  above  review  discusses  the  experimental  and  theoretical  determination  of 


I sizes.  Table  3-2  summarizes  the 


Conclusion 


: instrumentation.  The  methods,  which  involve 


extrapolation  of  plots  of  ublation  volume  and  S/N.  t 
additional  lasers  for  probing  the  plasma. 


[ useful  as  they  do  not  require 


r for  various  metals  (50). 


Element 


Cu 

_Ag_ 


Theoretical 

Threshold 

(GW/cm;) 

0,656 


Table  3-2.  Threshold  tluences  found  for  two  YBCO  sample  densities  at  various  spot  sizes 
(54). 


Spot  Aten 
(cm1) 

Threshold  Flucnce  at 
86%  Sample  Density 

Threshold  Flucnce  at 
92  % Sample  Density 

1.32 

CHAPTER  4 

INSTRUMENTATION  AND  EXPERIMENTAL  CONDITIONS 


Introduction 

For  materials  analysis,  on  existing  laboratory  instrument  was  tailored  to  lit  the 
research  needs.  In  addition,  several  parameters  and  procedures  were  established  which 
would  remain  consistent  throughout  the  experiment.  It  was  important  to  determine  the 
pulse  width  of  laser  as  well  as  the  average  laser  energy  for  each  experiment.  A computer 
program  was  written  to  facilitate  data  work-up. 


Experimental  Set-up 

A schematic  of  the  laser  ablation  instrument  is  shown  in  Figure  4- 1 . The 


the  excitation  energy.  The  laser  is  then  focused  through  a laboratory  built  microscope  for 
ablation.  Finally,  the  emitted  radiation  is  collected  with  optics,  dispersed  and  detected. 
The  components  are  explained  below.  The  instrument  was  controlled  with  a Pentium 
computer.  Table  4-1  lists  all  components  and  respective  manufacturers. 

The  Nd:  YAG  laser  operates  at  1064  nm.  Figure  4-2  is  a schematic  of  the  laser. 


assembly.  The  1064  nm  radiation  passes  into  the  crystal. 


doubled  to  532  nm.  Both  532  and  1064  excitation  leave  the  crystal  and  interact  with  a 


reflect  1064  nm  and  pass  532  nm.  This  minor  can  be  removed  when  1064  i 
is  desired. 


The  laser  beam  (either  1064  nm  or  532  nm)  enters  the  microscope  perpendicular 
to  the  axis  of  excitation  (see  Fig.  4-3).  In  order  to  bend  the  light,  a second  dichroic  is 
used  to  direct  the  laser  light  through  the  microscope.  This  mirror  is  specifically  coated  to 
only  reflect  radiation  around  532  nm  and  1064  nm  and  passes  all  other  radiation. 
Therefore,  visible  radiation  passes  through  the  mirror,  which  is  necessary  for  viewing  the 
sample  by  the  CC-TV  camera. 

A three  lens  focusing  system  inside  the  microscope  focuses  the  light  into  the 


was  used  to  focus  the  microscope. 

Following  ablation,  a two-lens  scheme  was  used  to  collect  die  plasma  emission 
and  focus  it  into  the  spectrometer.  The  first  lens  collected  the  emitted  light  from  the 
plasma.  The  second  lens  focused  the  emitted  light  into  the  spectrometer.  'Hie 
spectrometer  had  three  gratings:  1 200, 2400  and  3600  grooves/mm.  Gratings  were  chosen 

dispersed  with  one  of  the  three  gratings  and  detected  with  an  Intensified  Charged 
Coupled  Device  (1CCD).  The  ICCD  had  a pulse  generator  and  controller,  which  allows 


Copper,  silver,  gold  and  silicon  were  chosen  for  study.  Copper  and  silver  plates 
were  purchased  from  Alfa  Aesar  (Ward  Hill.  MA).  The  plates  were  3. 1 25  mm  think  and 


I on  a xyz  translation  stage  for  each  experiment.  The  /-translation 


Sample  Choice  and  Preparation 


lire  99.95%  pure  (metals  basis).  The  silicon  wafer  was  obtained  from  Dr.  David  Johnson 
(Plasma-Therm.  St.  Petersburg.  FL).  The  wafer  is  of  ultra-high  purity.  The  gold  sample 
was  a coin  purchased  from  National  Coin  (Gainesville.  FL).  It  had  99.5%  purity.  Prior 
to  analysis,  each  surface  was  cleaned  with  ethanol  to  remove  any  surface  contaminants. 
The  samples  were  dried  using  nitrogen  gas. 


Laser.  PrqpMia 

Laspr  power  and  pulse  width 

optics.  A transducer  dial  on  the  front  of  the  power  supply  controlled  the  laser  power. 
However,  the  pulse  width  varied  with  the  dial  position.  Figure  4-4  shows  how  the  pulse 
width  varies  with  dial  setting.  Therefore,  a constant  position  was  needed  for  all 
experiments.  Glass  band  pass  filters  were  used  to  attenuate  the  laser  power.  The  filters 
were  combined  into  sets  for  attenuation.  These  sets  are  described  in  Table  4-2. 

Laser  jrradiance  and  beam  sire 


c.  E (W/cnr).  from  this  average  power.  P„,?  (W),  equation  4-1 


In  this  equation.  I is  the  pulse  width  of  the  laser  ( 1 2.2  ns).  The  frequency  of  the 
laser  is  f ( 10  s'1).  The  area  of  the  laser  beam.  A (cm2),  is  2ttr3  where  r (cm)  is  the  radius 


of  the  beam.  The  radius  of  the  beam ' 


s:  the  size  of 


laser  bum  on  photographic  paper,  the  sire  of  a hole  formed  following  the  ablation  of  a 
gold  leaf  and  size  by  response  to  a razor  edge. 

In  the  fust  technique,  photographic  paper  was  paced  at  the  focus  of  the  laser.  A 
single  shot  was  fired  from  the  laser.  Next,  the  size  of  the  bum  on  the  paper  was 
measured.  The  bum  technique  yielded  a spot  size  of  500  pm.  The  spot  size  was 
obviously  too  large  for  light  that  was  focused  through  a microscope.  The  photographic 
paper  was  very  sensitive  to  light.  Consequently,  the  bum  spot  on  the  paper  was  much 
larger  than  the  actual  beam  size. 

The  second  technique  used  to  measure  the  spot  size  involved  gold  leaf.  Gold 
leave  was  affixed  to  a glass  slide  with  double  stick  tape.  The  slide  was  then  placed  at  the 
focus  of  the  laser  and  a single  shot  was  fired.  The  size  of  the  hole  in  the  gold  foil  was 
measured  with  optical  microscopy.  The  spot  size  of  170  pm  was  also  loo  large.  As 
explained  in  chapters  2 and  3,  several  processes  determine  the  ablation  of  a sample 
Though  the  gold  foil  was  a thin  layer,  the  ablation  was  dependent  on  several  properties  of 
gold,  and  therefore  not  an  accurate  technique  for  measuring  the  spot  size. 

The  most  accurate  technique  used  to  measure  the  laser  spot  size  was  the  razor. 

screw.  The  intensity  of  the  laser  wits  measured  with  a fast  photodiode  with  respect  to  the 


).  The  first  derivative  plot  of  the  intensity  versus 


curve  was  fitted  to  the  first  derivative  plot.  The  full-width  half-maximum  (FWHM)  of 
the  Gaussian  fit  determined  the  spot  size  to  be  19  pin. 


Tabic  4- 1 . Instrument  components  and  manufacturers. 


Fraction  Transmitted  # of  Filters  Used 


Figure  4- 1 . Schematic  diagram  of  LIPS  set-up. 
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Figure  4-3.  Microscope  geometry. 


Setting  of  Laser  Olal 


Figure  4-4.  Plol  or  pulse  width  versus  setting  of  high  voltage  control.  For  each 
experiment,  the  laser  dial  is  set  at  9.4,  corresponding  to  a pulse  width  of  1 2.2  ns. 
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position.  (B)  First  derivative  plot  of  (A). 


CHAPTER  5 

STUDY  OF  RESONANCE  EMISSION  OF  Cu.  Ag,  Au  AND  Si 


Though  several  researchers  have  developed  theories  on  laser  ablation  mechanisms 
(34, 37. 38, 44, 45),  it  is  still  quite  difficult  to  gain  a complete  view  of  the  ablation 
process  without  experimentation.  Therefore,  an  understanding  of  signal  diagnostics  is 
essential  to  understanding  the  energetic  ablation  process  (56).  Researchers  have  used 
light  microscopy,  pressure  waves  and  optical  refractivily  to  monitor  the  plasma  (45, 47, 

spectroscopy.  Light  from  the  plasma  is  collected  at  several  delays  throughout  the  lifetime 

the  next  two  chapters,  the  lime-resolved  spectra  of  copper,  silver,  gold  and  silicon  will  be 

this  chapter,  we  will  discuss  the  evolution  of  resonance  lines  generated  in  a plasma 


The  experimental  set-up  is  described  in  Chapter  4.  Each  sample  was  ablated 
using  532  nm  and  1064  nm  laser  radiation  at  five  different  fluxes.  Day-to-day 
fluctuations  m the  power  supply  were  accounted  for  by  measuring  the  laser  power  with 
it.  7'he  laser  was  attenuated  so  that  the  5 


irradiances  used  were  generally  Ihe  same  for  each  experiment.  Table  5-1  lists  the 
measured  power  for  each  data  set  taken  as  well  as  the  calculated  incident  irradiance.  The 
irradiances  had  5%  uncertainty.  Laser  irradiance  is  expressed  as  power  per  unit  area 
incident  on  the  sample.  One  can  see  that  the  irradiances  are  very  similar  for  each 
experiment.  For  simplicity  purposes,  the  irradiances  from  the  resonance  emission  of 
copper  with  532  nm  excitation  will  be  used  for  all  discussions.  The  irradiances  were  2.3 
GW/cm!.  4.7  GW/cm3. 6.8  GW/cm3. 1 1 GW/cm3  and  2 1 GW/cm3. 

Time-resolved  emission  from  each  sample  was  collected  at  the  several  gate  delays 
with  a gate  width  of  0.3  ps.  The  delay  intervals  were -0.1  ps,  0.2. 0,6  ps,  I.Ops.  1.6  ps. 
2.4  ps.  3.4  ps.  At  Ihe  earliest  delay,  emission  was  collected  for  -0. 1 ps  before  ignition  of 
the  plasma.  The  emission  was  collected  for  0.3  ps:  0.2  ps  past  lime  zero.  Table  5-2  lists 
the  resonance  line  studied  for  each  sample. 


Figures  5-1. 5-2. 5-3, 5-4  and  5-5  show  the  time-resolved  emission  spectra  for 
copper  at  five  increasing  laser  irradiances  with  a 532  nm  laser.  The  prominent  resonance 
lines  observed  for  copper  were  324.754  and  327.396  nm.  As  the  resonance  lines  evolve. 

which  the  resonance  lines  are  visible.  The  self-reversal  feature  indicates  that  there  is  a 


At  the  lowest  irradiance  (Fig.  5-1).  the 
Emission  is  observed  at  the  shortest  delay  limes  at  the  lowest  irradiance.  The  resonance 


irradiancc  increases,  (he  plasma  emission  is  sustained  longer.  Al  an  irradiancc  of  4.7 
GW/cnr  (Figure  5-2).  the  plasma  emission  disappears  at  1 .0  |ts.  Tlic  three  highest 
irradianccs  sustain  plasma  emission  for  as  long  as  1.6  ps  (Figs.  5-3, 5-4  and  5-5). 
Copper  emission  with  a 1064  nm  laser 


Figures  5-6. 5-7. 5-8, 5-9  and  5- 10  show  the  time-resolved  emission  spectra  for  copper  at 
the  five  laser  irradianccs.  Once  again,  self-reversal  is  a prime  feature.  The  emission  at 
the  lowest  irradiancc  (Fig.  5-6)  persists  until  1.6  ps,  which  is  longer  than  at  532  nm.  The 
emission  with  1064  nm  laser  radiation  is  sustained  longer  that  with  532  nm  laser  radiation 
at  all  irradiances  (Figs.  S-7, 5-8. 5-9. 5-10). 

Silver  emission  with  a 532  nm  laser 

The  time-resolved  emission  spectra  of  silver  are  shown  in  Figures  5-1 1, 5-12. 5- 
13, 5-14  and  S-1S.  The  prominent  resonance  spectral  line  observed  is  328.068  nm. 
Similar  to  Cu.  self-reversal  is  evident  throughout  the  duration  of  the  plasma.  At  the 
lowest  irradiancc  (Fig.  5-11).  the  resonance  line  is  sustained  until  2.4  ps.  The  resonance 
line  disappears  from  the  irradiance  of  4.7  GW/cnr  at  3.4  ps  (Fig.  5-12).  At  the  three 
highest  irradianccs  (Figs.  5-13, 5-14  and  5-15).  the  resonance  line  is  still  visible  at  the 


measured  delay,  3.4  ps.  (Fig.  5-15). 

Silver  emission  with  a 1064  nm  laser 

Silver  emission  with  a 1064  nm  laser  follows  the  emission  observed  with  a 532 
nm  laser  quite  closely  (Figs.  5-16. 5-17. 5-18. 5-19, 5-20).  At  the  lowest  irradiancc  (Fig. 


; sampled  with  the  laser  at  1064  nm. 


I . At  the  highest  irradiancc.  the  line  is  fairly  strong  at  the  last 


),  the  silver  resonance  line  evolves  quickly,  reaching  peak  < 


i at  0.2  ps  and 
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vanishing  from  the  spectrum  at  2.4  ps.  The  resonance  line  at  the  next  inadiancc  (4,7 
GW/cm!)  disappears  from  the  spcctmm  at  2.4  (is  (Fig.  5-17).  At  the  intermediate 
irradiancc  of  6.8  GW/cm2  (Fig.  5-18).  the  spectral  line  vanishes  from  the  spectrum  at  3.4 
ps.  Figures  5-19  and  5-20  show  that  the  resonance  line  is  still  present  at  3.4  ps  for  laser 
irradianecs  of  1 1 and  21  GW/cm'. 

Gold  emission  with  a 532  nm  laser 

The  resonance  line  studied  for  gold  was  267.595  nm.  As  with  Cu  and  Ag.  this 
line  is  self-reversed  throughout  the  duration  of  the  plasma.  At  the  lowest  laser  irradiancc. 
the  resonance  line  disappears  from  the  spectrum  at  1.0  ps  (Fig.  5-21).  At  4.7  GW/cm2. 
the  resonance  line  is  present  until  2.4  ps  (Fig.  5-22).  At  the  three  highest  laser 
irradianecs  (Figs.  5-23. 5-24. 5-25).  the  resonance  line  remained  in  the  spectra  at  the 
largest  delay  time  of  3.4  ps. 
gold  emission  wjlh  a 1064  pro  laser 

Figures  5-26, 5-27. 5-28, 5-29  and  5-30  show  the  tintc-resolvcd  emission  spectra 
for  gold.  The  resonance  lines  at  the  two  lowest  irradianecs  (Ftgs.  5-26  and  5-27) 
disappear  from  the  spectrum  at  1,0  ps.  At  6.7  and  1 1 GW/cm2  (Figs.  5-28  and  5-29).  the 
resonance  line  disappears  by  3.4  ps.  Just  as  for  the  532  nm  excilation.  the  resonance  line 
formed  at  the  highest  irradiancc  is  still  present  at  3.4  ps 

Sthcon  etrussion  with  a 532  nm  laser 

window,  several  strong  non-resonance  lines  were  visible  at  250.690  nm.  251.611  nm, 

25 1 .92 1 nm.  252.4 1 1 nm  and  252.85 1 nm.  At  a delay  of  -0. 1 ps.  several  self-reversed 


lines  arc  observed  for  the  irradianecs  in  Frgures  5-33. 5-34  and  5-35.  These  lines  are  very 


broad  and  hard  lo  distinguish  from  one  another.  No  significant  lines  arc  observed  for  the 
two  lowest  irtadianccs  at  any  delay. 


The  spectral  line  widths  reduce  in  Figures  5-33. 5-34  and  5-35  throughout  the 


duration  of  the  plasma.  The  lines  remain  self-reversed.  At  1.6  |ts.  the  spectral  lines 
observed  at  a laser  irradiance  of  6.8  GW/cm!  disappear.  I 


two  highest  laser  irradianccs  persist  until  3.4  ps. 

Silicon  emission  with  a 1064  nm  laser 

At  the  lowest  irradianccs.  the  spectra  collected  at  1064  are  very  different  from  that 
collected  at  532  nm.  Spectral  lines  are  present  at  2.3  and  4.7  GW/cm2.  The  spectral  lines 
at  the  lowest  laser  irradiance  begin  to  form  at  -0. 1 gs  and  do  not  disappear  until  1 .6  |ls 
(Fig.  5-36).  In  addition,  the  peaks  at  an  irradiance  of  4.7  GW/cm2  do  not  disappear  from 
the  spectrum  until  2.4  ps  (Fig.  5-37).  Figure  5-38  shows  that  the  spectral  lines  formed  at 
6.8  GW/cm2  irradiance  disappear  at  3.4  ps.  At  the  longest  delay  time  studied,  resonance 
lines  arc  still  present  at  1 1 and  21  GW/cm". 


Studies  of  the  emission  spectra  of  the  laser-induced  plasma  revealed  that  laser 
irradiance  and  laser  wavelength  affect  laser  ablation  and  plasma  formation.  Several 
general  observations  were  drawn  from  the  collected  emission  spectra  with  respect  lo 
varying  laser  conditions. 


> Emission  with  1064 1 


i laser  radiation  was  sustained  longer  than  emission  with  532 


The  spectral  line  evolves  quickly  at  lower  irradianccs. 


Even  al  ihc  lowest  laser  irradiance,  which  is  near  the  breakdown  threshold  (sec  Chapter 
7),  self-reversal  was  present.  Self-reversed  resonance  lines  suggest  that  temperature 


the  plasma  absorb  radiation  emitted  from  excited  atoms  within  the  center  of  the  plasma. 
The  self-absorption  results  in  a dip  in  the  center  of  the  resonance  emission  line  (sec 
Chapter  2). 

In  general,  the  emission  lines  observed  with  1064  laser  radiation  remained  for  a 


of  the  emission  lines  was  evidence  of  plasma  shielding  (57).  Plasma  shielding  is  the 
result  of  absorption  of  laser  radiation  by  the  plasma.  The  absorption  is  proportional  to  the 
square  of  the  laser  wavelength.  Therefore,  atoms  within  a plasma  generated  at  1064  nm 
will  absorb  laser  radiation  4 times  more  than  atoms  generated  at  532  nm  (57). 

The  spectral  lines  observed  at  lower  laser  irradionces  evolved  quickly.  The 
emission  was  present  at  the  earliest  delays  and  disappeared  quickly.  Al  the  lowest 
irradianccs,  the  laser  energy  absorbed  at  the  sample  surface  was  consumed  during  the 


was  left  to  contribute  to  Ihc  propagation  of  the  plasma  and  further  excitation  of  atomic 


ground  state  and  the  plasma  was  short-lived. 

At  higher  laser  irradianccs.  the  emission  lines  developed  over  a longer  period  of 
time.  Spectral  lines  formed  at  shorter  delays  and  continued  to  persist  for  longer  delay 
times.  Al  higher  laser  irradianccs,  only  a fraction  of  the  laser  energy  is  used  in  the 


The  duration 


I vaporization  mechanisms  of  plasma  formation  (34).  Little  energy 


Therefore,  excited  atoms  within  the  plasma  relaxed  to  the 


t.  Therefore,  plasmas  formed  al  higher 


irradianccs  continue  propagate  throughout  the  duration  of  the  laser  pulse.  Laser  energy 
is  available  to  interact  with  atoms  in  the  plasma,  resulting  in  prolonged  emission. 


Table  5- 1 . Laser  powers  measured  for  each  study  and  the  attenuated  irradianccs  used. 
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Table  5-2.  Wavelengths  for  resonance  lines  of  Cu.  Ag,  Au  and  Si. 
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Figure  5- 1 . Timc-rcsolvcd  emission  spectra  for  copper  between  323  and  32S  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  2.3  GW/cm1. 
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Figure  5-2.  Time-resolved  emission  spectra  for  copper  between  323  and  328  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  4.7  GW/cm\ 
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Figure  5-4.  Time-resolved  emission  spcclra  for  copper  between  323  and  328  nm  al  a loser 
exciiation  of  S32  nm  and  irradiancc  of  1 1 GW/cirr. 
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Figure  5-5.  Time-resolved  emission  spectra  for  copper  between  323  and  328  nm  at  a 
excitation  of  532  nm  and  irradiance  of  2 1 GW/cm\ 


Counts 


3.4  ns 


’^hiW*w 


l.ons 


-o.i  ns 


Wavelength  (nm) 


Figure  5-6.  Time-resolved  emission  spectra  for  copper  between  323  and  328  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  2.3  GW/cm2. 
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Figure  5-7.  Time-resolved  emission  spectra  for  copper  between  323  and  328  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  4.7  GW/cm:. 
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Figure  5-8.  Time-resolved  emission  spectra  for  copper  between  323  and  328  nm  at  a laser 
excitation  of  1064  nm  and  imulinncc  of  6.8  GW7cin\ 
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Figure  5-9.  Timc-resolvcd  emission  spectra  for  copper  between  323  and  328  nm  at  a laser 
excitation  of  1064  nm  and  irntdinnee  of  1 1 GW/cnr. 
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Figure  5-11.  Time. resolved  emission  spectra  for  silver  between  325  and  330  nrn  at  a laser 
excitation  of  532  nin  and  irradiance  of  2.3  GW/cm2. 
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Figure  5-12.  Time-resolved  emission  spccira  for  silver  between  325  and  330  nm  at  t 
excitation  of  532  nm  and  irradiance  of  4.7  GW/cm2. 
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excitation  of  532  nm  and  irradiancc  of  1 1 GW/cnr. 


Counts 


Wavelength  (nm) 


excitation  of  532  nm  and  imtdiance  of  2 1 GW/cm\ 
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Figure  5-16.  Tunc-resolvcd  emission  spectra  for  silver  between  325  and  330  nm  at  a laser 
excitation  of  1064  nm  and  irradiunce  of  2.3  GWVcmV 
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Figure  5-17.  Time-resolved  emission  spectra  for  silver  bclween  325  and  330  nm  at  a laser 
cxcilalion  of  1064  nm  and  irradiancc  of  4.7  GW/cm:. 
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Figure  5-18.  Time-resolved  emission  spectra  for  silver  between  325  and  330  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  6.8  GW/cm2. 
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Figure  5-19.  Time-resolved  emission  spectra  for  silver  between  325  and  330  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  1 1 GW/cm\ 
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Figure  5-20.  Time-resolved  emission  spectra  for  silver  between  325  and  330  nm  at  a laser 
excitation  of  1064  nm  and  inadiancc  of  2 1 GW/cnr. 
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Figure  5-21.  Time-resolved  emission  spectra  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  2.3  GW/cm1. 
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Figure  5-23.  Time-resolved  emission  spccira  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  532  nm  and  irradiance  of  6.8  GW/cm. 
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Figure  5-24.  Time-resolved  emission  spectra  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  1 1 GW/cm3. 
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Figure  5-25.  Time-resolved  emission  spectra  for  gold  between  264  and  270  nm  at  a laser 
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Figure  5-26.  Time-resolved  emission  spccirn  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  2.3  GW/cm:. 
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Figure  5-28.  Time-resolved  emission  spectra  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  6.8  GW/cm~. 
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Figure  5-29.  Time-resolved  emission  specira  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  1 1 GW/cm\ 


Counts 


71 


ss 

3.4us 

7.80x10’ 

2.4  ns 

, J 

l.6ns 

*2  2.00x10’ 

a 

O 1.00X10’ 

l.o  ns 

n 

A 

U 

0.6  ns 

0.2  ns 

-O.i  ns 

ono 

— — _ 

Wavelength  (nm) 


Figure  5-30.  Time-resolved  emission  speclra  for  gold  between  264  and  270  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  2 1 GW/citr. 
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Figure  5-3 1 . Time-resolved  emission  spectra  for  silicon  between  249  and  254  i 
laser  excitation  of  532  nm  and  irradiancc  of  2.3  GW/cm‘\ 
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Figure  3-32.  Time-resolved  emission  spcciru  Tor  silicon  between  249  and  254  nm  at  a 
laser  excitation  of  332  nm  and  irradiancc  of  4.7  GW/cm2. 
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Figure  5-33.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  nm  at  a 
laser  excitation  of  532  nm  and  irradiancc  of  6.8  GW/cm\ 
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Figure  5-34.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  i 
laser  excitation  of  532  nm  and  irradiance  of  1 1 GW/cm*. 
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Figure  5-35.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  i 
laser  excitation  of  532  nm  and  irradiancc  of  2 1 GW/cm2. 


Counts 


3.4  ns 

2.4  ns 
i.6ns 
l.o  ns 
o.6ns 


,Wr-v^ 


Wavelength  (nm) 


Figure  5-36.  Time-resolved  emission  spectra  for  silicon  between  249  and  2S4  nm  at  a 
laser  excitation  of  1 064  nm  and  irradiancc  of  2.3  GW/cm3. 
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Figure  5-37.  Time-resolved  emission  spccini  for  silicon  between  249  and  254  nm  al  a 
laser  excilalion  of  1064  nm  and  irradiancc  of  4.7  GW/cm3. 
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Figure  5-38.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  nm  at  a 
laser  excitation  of  1064  nm  and  irradiance  of  6.8  GW/cra2. 
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Figure  5-39.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  nm  at  a 
laser  excitation  of  1064  nm  and  irradiancc  of  1 1 GW/enr. 
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Figure  5-40.  Time-resolved  emission  spectra  for  silicon  between  249  and  254  nm  al  i 
laser  excitation  of  1064  nm  and  irradiancc  of  2 1 GW/cnr. 


CHAPTER  6 

STUDY  OF  NON-RESONANCE  EMISSION  OF  Cu.  Ag.  Au  AND  Si 


This  is  the  second  of  two  chapters  that  focus  on  lime-resolved  in  a laser-generated 
plasma.  'Hie  aim  of  this  chapter  is  to  examine  the  influence  of  laser  irradiancc  and  laser 
wavelength  on  the  spectral  emission  of  the  non-resonance  lines  of  copper,  silver  gold  and 


The  experimental  set-up  is  described  in  Chapter  4.  Similar  to  the  experiment  in 
Chapter  5.  each  sample  was  ablated  using  532  nm  and  1064  nm  laser  radiation  at  five 
different  irradianccs.  Time-resolved  emission  from  each  sample  was  collected  at  the 
several  gate  delays  with  a gate  width  of  0.3  ps.  The  delays  intervals  were  -0. 1 Jis,  0.2, 
0.6  ps,  1.0  ps,  1.6  ps.  2.4  ps,  3.4  ps.  Table  6-1  lists  the  spectral  line  studied  for  each 

Rcsultsarid  Discussion 

Figures  6- 1 , 6-2, 6-3, 6-4  and  6-5  show  the  time-resolved  emission  spectra  for 
copper  at  five  increasing  laser  irradianccs  with  a 532  nm  laser.  The  prominent  spectral 
line  in  the  window  of  interest  was  249.489  nm.  At  -0. 1 ps,  the  spectral  line  emerges 
from  the  continuum  background.  The  line  continues  to  develop  at  all  inadiances  through 


0.6  ps.  At  0.6  |l.s.  the  spectral  line  has  disappeared  from  the  spectrum  at  the  lowest  laser 
irradiance  (Fig.  6- 1 ).  The  spectral  line  finally  disappears  from  the  spectrum  of  the 
highest  laser  irradianccs  at  the  delay  time  of  3.4  ps  (Fig.  6-5). 

Conner  emission  with  a 1064  nm  laser 

The  copper  target  was  also  sampled  at  1064  nm.  Figures  6-6. 6-7. 6-8. 6-9  and  6- 
10  show  the  time-resolved  emission  spectra  for  copper  at  the  five  laser  irradiances.  At  the 
earliest  delay  time,  the  spectral  line  begins  to  emerge  from  the  background.  By  0.2  ps, 
the  spectral  line  is  present  in  every  spectrum.  At  2.3  GW/cm’ , the  spectral  line 
disappears  from  the  spectrum  by  1 .0  ps.  By  2.4  ps.  the  spectral  line  has  disappeared 
from  the  spectrum  at  the  laser  irradiance  of  21  GW/cm*. 

Silver  emission  with  a 5,32  nm  laser 

The  time-resolved  emission  spectra  of  silver  with  a 532  nm  laser  are  shown  in 
Figures  6-1 1.6-12. 6-13, 6-14  and  6-15.  The  spectral  line  of  interest  is  243.779  nm.  The 


line  is  present  until  2.4  ps  at  6.8  GW/  cm2  and  3.4  ps  at  1 1 GW/cm2  and  21  GW/cm2. 
Silver  emission  with  a 1064  nm  laser 

The  spectral  line  profile  with  a 1064  nm  laser  is  very  similar  to  that  of  a 532  nm 
laser  (Figs.  6-16. 6-17. 6-18. 6-19, 6-20).  At  the  early  delay  of  0.2  ps.  the  peak  of 
interest  is  broad  within  the  continuum  background.  At  2.3  GW/cm*.  the  spectral  line 
disappears  at  a delay  lime  of  1 .0  ps.  All  .6  ps.  the  spectral  line  vanishes  with  laser 
irradianccs  of  4.7  and  6.8  GW/cm2.  The  spectral  line  at  the  highest  laser  irradiance  is  still 
present  at  the  longest  delay  lime  studied.  3.4  ps. 


At  4.7  GW/cm2,  the  emission  peak  appears  in 


Gold  emission  with  a 532  nm  laser 


The  spectral  line  studied  for  gold  wos  274.826  nm.  The  time-resolved  spectra  at 
the  5 laser  irradianccs  can  be  found  in  Figures  5-26. 5-27. 5-28. 5-29  and  5-30.  At  the 
earliest  delay  of  -0.1  ps,  an  intense,  broad  line  emerges  from  a continuum  background  at 
all  the  laser  irradianccs.  At  1.0  Jls,  the  spectral  line  has  disappeared  from  the  spectrum  of 
the  lowest  irradiancc.  but  is  still  visible  in  the  spectra  of  all  the  other  loser  irradianccs.  At 
a delay  of  1 .6  (Is,  the  spectral  line  at  a laser  irradiancc  of  4.7  GW/cm!  vanishes.  By  3.4 


ps,  the  spectral  line  has  disappeared  fron 
Gold  emission  with  a 1064  nm  laser 

Figures  6-26. 6-27. 6-28. 6-29  and  6-30  show  the  lime-resolved  emission  spectra 
for  gold.  The  observed  spectral  line  is  very  similar  to  the  line  observed  at  532  nm.  At 

disappears  from  all  spectra  at  laser  irradianccs  between  2.3  and  6.8  GW/  cm\  At  the 
laser  irradiances  of  1 1 to  21  GW/cm",  the  spectral  line  disappears  by  3.4  ps. 

Silicon  emission  with  a 532j.tnJas.er 

The  spectral  line  studied  for  silicon  was  288. 1 60  nm.  Figures  6-3 1 . 6-32. 6-33. 6- 
34  and  6-35  show  the  time-resolved  spectra  at  the  five  laser  irradianccs.  At  a delay  of 
-0.1  ps.  the  spectral  line  is  very  bread  at  all  laser  irradianccs.  At  the  lowest  irradiancc, 
the  line  never  really  develops  and  disappears  into  the  noise  by  0.2  ps.  At  1 .6  ps,  the 
emission  line  disappears  at  a laser  irradiancc  of  4.7  GW/cm:.  At  laser  irradiances  of  6.8 
to  2 1 GW/cm  , the  line  decreases  in  intensity  and  it  disappears  from  all  spectra  at  3.4  ps. 


Silicon  emission  wiih  a 1064  nm  laser 


The  silicon  spcciral  lines  observed  in  Figures  6-36, 6-37, 6-38. 6-39  and  6-40  are 
quite  broad  a(  Ihc  earliest  delay  times.  Unlike  Figure  6-3 1 , the  spectral  lines  at  the  laser 
irradiance  of  2,3  to  4.7  GW/cmJ  begin  to  form  at  -0. 1 ps.  The  lines  do  not  disappear 
from  the  spectrum  until  1.6  ps  (Figs.  6-36  and  6-37).  Figures  6-39  and  6-40  show  that 


Conclusion 

Similar  to  the  previous  studies  (see  chapter  5),  several  general  observations  were 
drawn  from  the  emission  spectra. 

• A condnuum  background  was  present  at  the  earliest  delay  times. 

• Emission  with  1064  nm  laser  radiation  was  sustained  longer  than  emission  with  532 
nm  laser  radiation. 

The  spectral  lines  studied  in  the  experiment  all  had  very  similar  development. 
The  line  emerged  from  a continuum  background  as  a broad  peak.  At  the  earliest  delay 
times,  the  continuum  background  can  be  attributed  to  Brcmsstrahlung  radiation  (59). 
Within  the  plasma,  charged  panicles  slow  and  stop  resulting  in  the  emission  of 
continuum  radiation  (29).  As  time  passes,  the  continuum  background  decreases  due  to 
plasma  propagation,  cooling  and  recombination  (56). 

The  aim  of  chapters  5 and  6 was  to  use  spectroscopic  methods  to  understand  the 
mechanisms  occurring  during  laser  ablation  and  plasma  formation.  The  emission  spectra 
of  several  elements  were  studied  at  various  delays  using  two  laser  wavelengths  and  5 
laser  irradianccs.  The  studies  levcalcd  that  plasma  shielding  affects  the  efficiency  of 


laser  energy  delivered  lo  the  target  Spectral  analysis  presented  an  improved 
understanding  of  the  processes  that  occur  within  the  plasma. 


Table  6- 1 . Spcclral  lines  observed  for  copper,  silver,  gold  and  silicon. 


Element 

Wavelength" 

(nnt) 

Energy  Levels 

X. 

g< 

Cu* 

249.489 

30810-70815 

243.779 

39164  - 80172 

13 

274.826 

9161  -45537 

3.8 

288.160 

6299  - 40992 

'Values  taken  from  NBS  Monograph  S3  (58). 
•Values  taken  from  Striganov  (61). 

^Values  not  available. 
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Figure  6-1.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nmat  a laser 
excitation  of  532  nm  and  irradiance  of  2.3  GW/cm". 


Figure  6-2.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  4.7  GW/cm  . 


Counts 


Wavelength  (nm) 


Figure  6-3.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nnt  at  a laser 
excitation  of  532  nm  and  irradiance  of  6.8  GW/cm\ 
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Figure  6-4.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  532  nm  and  imidiance  of  1 1 GW/cm*. 
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Figure  6-5.  Time-resolved  emission  spectra  for  copper  belwcen  247  and  252  nm  at  a laser 
excitation  of 532  nm  and  irradiancc  of  2 1 GW/cm' \ 
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Figure  6*6.  Time-resolved  emission  speclra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  2.3  GW/cm*. 
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Figure  6-7.  Time-resolved  emission  spcelra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  4.7  GW/cm3. 
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Figure  6-8.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  6,8  GW/cm!. 
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Figure  6-9.  Time-resolved  emission  spectra  for  copper  between  247  and  252  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  1 1 GW/cm  . 
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Figure  6- 1 0.  Time-resolved  emission  spectra  for  copper  between  247  and  252 
laser  excitation  of  1064  nm  and  irradianccof  21  GW/cm3. 
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Figure  6-12.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a laser 
excitation  of  532  nm  and  irradiance  of  4,7  GW/cm2. 
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Figure  6- 1 3-  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a laser 
excitation  of  S32  nm  and  irradiancc  of  6.8  GW/cm\ 
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Figure  6*14.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  1 1 GW/cm. 
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Figure  6- 15.  Time-resolved  emission  speclni  for  silver  belwcen  239  and  244  nm  at  a laser 
excitation  of  532  nm  and  irradianee  of  2 1 GW/cnr. 
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Figure  6-16.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a laser 
excitation  of  1064  nm  and  irradiancc  of  2.3  GW/cm*. 
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Figure  6- 1 7.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  4.7  GW/cm!. 


Counts 


3.4  (is 


T1"  2.4  ms 


Wavelength  (nm) 


Figure  6-18.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  ut  a laser 
excitation  of  1054  nm  and  irradiance  of  6.8  GW/cnr. 
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Figure  6-19.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nmat  a laser 
excitation  of  1064  nm  and  irradiancc  of  1 1 GW/cnT. 
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Figure  6-20.  Time-resolved  emission  spectra  for  silver  between  239  and  244  nm  at  a 
excitation  of  1064  nm  and  irradiancc  of  2 1 GW/cm!. 
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Figure  6-21.  Time-resolved  emission  spectra  for  gold  between  272  and  277  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  2.3  GW/cnr. 
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Figure  6-22.  Time-resolved  emission  spectra  for  gold  between  272  and  277  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  4.7  GW/cmi. 
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Figure  6-23.  Time-resolved  emission  spcclra  lor  gold  between  272  and  277  nm  al  a laser 
excitation  of  532  nm  and  imidiance  of  6.8  GW/cm2. 
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Figure  6-24.  Time-resolved  emission  spectra  for  gold  bciwecn  272  and  277  nm  al  a laser 
excitation  of  532  nm  and  irradiance  of  1 1 GW/cmJ. 
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Figure  6-25.  Time-resolved  emission  spectra  for  gold  between  272  and  277  nm  at  a laser 
excitation  of  532  nm  and  irradiancc  of  2 1 GW/cm2. 
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Figure  6-26.  Time-resolved  emission  spectra  for  gold  between  272  and  277  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  2.3  GW/cm2. 
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Figure  6-27.  Time-resolved  emission  specira  for  gold  bciwccn  272  and  277  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  4,7  GW/citr. 
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Figure  6-28.  Time-resolved  emission  spcclra  for  gold  belwccn  272  and  277  nm  at  a laser 
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Figure  6-29.  Time-resolved  emission  spectra  for  gold  bclwccn  272  and  277  nm  at  a laser 
excitation  of  1064  nm  and  irradioncc  of  1 1 GW/cm3. 
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Figure  6-30.  Time-resolved  emission  spectra  for  gold  between  272  and  277  nm  at  a laser 
excitation  of  1064  nm  and  irradiance  of  21  GW/cm  . 


Counts 


3.4  ns 

2.4  n's 

z 

i.6ns 

.45X1 

l.'on's 

2] 

0.6  ns 

.45X1 

' 0.2  ns 

.... 

’ -o'.l  ns 

jii 

Wavelength  (nm) 


Figure  6-3 1 . Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at  a 
laser  excitation  of  S32  nm  and  irradiancc  of  2.3  GW/cm2. 
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Figure  6-32,  Time-resolved  emission  specira  for  silicon  between  278  and  298  nm  ai  a 
laser  excitation  of  532  nm  and  irradiance  of  4.7  GW/cm:. 
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Figure  6-33.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  t 
laser  excitation  of  532  nm  and  irradiunce  of  6.8  GW/cm". 
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Figure  6-34.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at  a 
laser  excitation  of  532  nm  and  irradiance  of  1 1 GW/cm3. 
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Figure  6-35.  Tune-resolved  emission  spectra  for  silicon  belwccn  278  and  298  nm  al  a 
laser  excitation  of  532  nm  and  irradiance  of  2 1 G W/cm!. 
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Figure  6-36.  Time-resolved  emission  specira  for  silicon  between  278  and  298  nm  ni  a 
laser  excitation  of  1064  nm  and  irradiancc  of  2.3  GW/cm!. 
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Figure  6-37.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at : 
laser  excitation  of  1064  nm  and  irradiance  of  4.7  GW/cmJ. 
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Figure  6-38.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at  a 
laser  excitation  of  1064  nm  and  irradianceof  6.8  GW/cm2. 
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Figure  6-39.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at ; 
laser  excitation  of  1064  nm  and  itradiancc  of  1 1 GW/cm!. 
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Figure  6-40.  Time-resolved  emission  spectra  for  silicon  between  278  and  298  nm  at  a 
laser  excitation  of  1 064  nm  and  irradiance  of  2 1 GW/cm2. 


CHAPTER  7 

EFFECTS  OF  IRRADIANCE  AND  LASER  WAVELENGTH  ON  THE  ABLATION 
Cu.  Ag.  Au  AND  Si 


Lasers  arc  used  in  several  mass  removal  procedures  such  as  pulscd-lascr  thin-film 
deposition,  laser  machining  and  microfabrication.  Mass  removal  can  vary  with  laser 
irradiancc  as  well  as  laser  wavelength.  Consequently,  atom  concentration  within  the 
plasma  is  affected.  Spectral  emission  from  the  plasma  is  commonly  monitored  to 
determine  the  effects  of  laser  irradiancc  and  wavelength  (62).  In  this  chapter,  the  laser 
ablation  and  spectral  emission  of  copper,  silver,  gold  and  silicon  is  studied  with  respect  to 


Experiment 

Copper,  silver,  gold  and  silicon  were  prepared  as  explained  in  Chapter  4.  For 
each  sample,  several  steps  were  followed  for  data  collection,  manipulation  and  analysis. 
First,  single-shot  spectra  were  collected  at  5 laser  irradianccs  for  laser  wavelengths  of  532 
nm  and  1064  nm  (Sec  Table  5-2  for  laser  imidiances).  At  each  laser  irradiancc,  5 spectra 
were  collected  at  delay  times  of  -0. 1 , 0.2, 0.6, 1 .0, 1 .6, 2.4  and  3.4  |ts  with  a gate  width 
of  0.3  |ts.  Therefore.  200  data  flics  existed  for  each  sample  at  both  laser  wavelengths. 

Data  collection  soflware  was  used  to  save  each  spectrum  as  a binary  file, 
unreadable  by  any  other  program.  For  data  analysis,  it  was  necessary  to  write  a computer 
program,  which  convened  the  binary  files  to  a form  of  ASCII.  The  written  program 


opened  each  binary  file  and  convened  it  to  comma-delimited  text.  Next,  the  program 
prompted  the  user  to  input  the  pixel  of  the  emission  peak  as  well  as  the  pixels  of  the 
background  on  either  side  of  the  peak.  The  background  was  averaged  and  subtracted 
from  the  peak  of  interest-  The  output  signal  was  placed  in  a file,  which  was  appended  as 
every  spectrum  was  analyzed. 

Each  crater  formed  from  laser  ablation  was  analyzed  using  a profilomeler  ( Vecco 
Instruments  Dektak  3030,  Piainview,  NY).  The  profilometer  tip  was  made  of  carbon 
fiber  and  had  a tip  size  of  S pm.  The  tip  was  scanned  across  the  sample  surface.  A 
typical  scan  can  be  seen  in  Figure  7-1.  The  depth  and  width  of  the  crater  were  taken  from 
each  scan  and  averaged  over  5 scans.  The  average  depth  and  width  of  the  ablation  craters 
at  each  laser  irradiancc  arc  shown  in  Table  7. 1 

Using  a cone  approximation,  the  volume  ablated,  V»uioi  (cm3),  was  calculated 
(Eq. 7- 1 ).  The  radiusofeachcralcrisr (cm) and  the  height  is  h (cm). 


(Eq.  7-1) 

The  average  ablated  mass  (ntaaurdlg))  was  calculated  from  equation  7-2.  The 


ablated  mass  for  each  sample  is  shown  in  Table  7-2. 
(Eq.  7-2)  =V„^p 


Results  and  Discussion 
Determination  ol  optimum  delay  and  gate 

Prior  to  studying  the  effects  of  laser  irradiancc  and  wavelength,  the  optimum  gate 


delay  and  gate  width  were  determined.  A plot  of  the  signal-lo-noisc  ratio  (S/N)  versus 
the  delay  time  shows  the  temporal  developments  of  the  S/N.  To  construct  plots  for  each 


sample  under  the  experimental  conditions,  the  S/N  ratio  was  calculated  for  each  emission 
peak  studied.  The  noise  was  calculated  from  the  standard  deviation  in  the  background 
surrounding  the  emission  peak.  The  S/N  was  averaged  over  5 spectra. 

The  plots  obtained  for  each  sample  for  the  experimental  conditions  are  shown  in 
Figures  7-2, 7-3, 7-4  and  7-5.  At  the  lower  laser  irradiances.  the  S/N  ratio  rises  and  falls 
over  a short  period  of  time  (<l  ps).  For  a discussion  on  the  formation  of  emission  lines 
in  the  plasma,  please  see  chapters  5 and  6. 

Each  S/N  curve  has  approximately  a triangular  shape.  The  optimum  gate  delay 
and  width  were  determined  by  approximating  the  base  of  the  triangular  shape.  The  gate 


Is,  arc  tabulated  in  Table  7-3. 


S/N  versus  laser  irradiance 

Five  emission  spectra  were  collected  at  each  laser  irradiance  using  the  optimum 

laser  wavelengths  of  532  nm  and  1064  nm.  At  both  laser  wavelengths,  the  S/N  increases 
sharply  at  low  irradiances.  At  irradiances  larger  than  1 1 GW/cm~,  the  S/N  reaches  a 
saturated  level.  The  leveling  phenomenon  has  been  observed  by  previous  rcscaichcis 


Calculations  of  plasma  temperature  (Tc)  and  electron  number  density  (nc)  found  that  Tc 
and  ne  increase  with  laser  irradiance  to  a critical  irradiance.  The  increase  follows  a power 
law  (rtc  ce  E° Tc  a E054)  (60).  The  power  law  changes  beyond  the  critical  point,  where 
n.  a EMS  and  Tt  a E“”.  Further  studies  on  the  change  of  the  electron  density  in  the 


plasma  revealed  that  the  ratio  of  ions  to  atoms  (m/nj  within  the  plasma  saturated  at  the 
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critical  irradiance  (60),  In  figures  7-6  and  7-7,  the  leveling  of  the  S/N  can  be  attributed  to 


The  laser  wavelength  also  has  an  effect  on  the  absolute  value  of  the  S/N  ratio.  At 
532  nm,  the  S/N  ratios  of  copper,  silver  and  gold  are  50%,  25%  and  13%  greater  than  the 
S/N  ratios  at  1064  nm.  The  S/N  ratio  for  silicon  at  532  nm  is  50%  greater  than  the  S/N 

Crater  volume  versus  lay.rjrradjancc 

Measurements  of  crater  volume  versus  laser  irradiance  arc  plotted  in  figure  7-8. 
Tile  actual  values  of  the  crater  volumes  are  shown  in  Table  7-2.  At  1064  nm,  the  ablation 
volume  of  Au  could  not  be  measured.  The  craters  created  were  too  small  to  be  measured 
by  the  profilometcr.  The  tip  could  not  enter  the  crater.  Atomic  Force  Microscopy  ( AFM) 
was  also  used  to  measure  the  gold  craters,  but  the  AFM  tip  had  trouble  overcoming 


measure  the  Au  crater  depth  was  optical  microscopy.  Theoretically,  the  depth  of  the 
crater  could  be  determined  using  a calibrated  focus.  The  microscope  was  focused  inside 
the  crater  and  outside  of  the  crater.  The  change  in  the  focus  position  should  give  the 
crater  depth.  Unfortunately,  the  adjustment  of  the  focus  was  not  fine  enough  to 
determine  a depth  smaller  than  1 .0  pm.  It  can  be  assumed  that  the  Au  craters  at  1064  nm 
arc  smaller  than  any  other  crater  studied.  The  smallest  crater  measured  has  a volume  of 

The  amount  of  material  ablated  by  the  laser  varies  with  laser  irradiance.  Figure  7- 
8A  shows  the  effect  of  laser  irradiance  on  crater  volume  at  a laser  wavelength  of  532  nm 
and  figure  7-8B  shows  the  effect  of  irradiance  on  crater  volume  at  a laser  wavelength  of 


itaminants  on  the  surface.  Another  technique  used  to 
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1054  nm.  In  general,  the  cralcr  volume  increases  slowly  until  the  critical  poini  ( 1 1 
GW/ciu  ).  The  slope  of  tile  curve  increases  past  the  critical  irradiancc.  Previous 
researchers  discovered  that  below  the  critical  itradiance.  the  ablated  material  accumulates 
on  the  target  surface.  Only  a small  amount  enters  the  plasma  (60).  Past  the  critical 
irradiance.  the  material  is  ejected  away  from  the  sample  into  the  plasma. 

The  volume  of  material  ablated  is  significantly  different  at  532nm  from  1054  nm. 
For  copper  and  silver,  the  volume  ablated  is  much  greater  at  532  nm  than  at  1064  nm. 
Table  7-4  shows  the  percent  change  in  volume  ablated  between  532  nm  and  1064  nm 
before  and  after  the  critical  point.  Though  the  gold  craters  at  1064  nm  could  not  be 
measured,  it  can  be  assumed  that  gold  follows  a similar  trend. 

A sample  property,  which  may  be  responsible  for  the  increase  in  ablated  volume 
at  532  nm  is  absorptivity.  When  light  strikes  an  opaque  sample,  the  light  is  cither 
reflected  or  absorbed,  Absorptance  is  defined  as  the  fraction  light  that  is  absorbed  at  the 
surface  ol  a sample,  finch  sample  has  a unique  absorptance  for  the  wavelength  of  the 
incident  light.  Copper,  silver  and  gold  have  absorptanccs  of  5.5%,  3%  and  5%  at  532  nm 
(65).  At  1064  nm.  their  absorptanccs  are  roughly  half  that  at  532  nm:  2.5%.  1.8%  and 
2.2%.  Therefore,  the  laser  energy  at  1 064  nm  is  not  absorbed  as  effectively  as  at  532  nm. 
This  change  is  indicated  in  the  lower  ablation  volume  at  1064  nm. 

In  sharp  contrast,  the  silicon  ablation  volume  docs  not  increase  at  shorter 
wavelengths.  A decrease  of  18%  is  found  before  the  critical  irradiance  and  a decrease  of 
8%  is  found  after  the  critical  irradiancc.  The  percent  decrease  is  within  the  error  bars  for 
the  ablation  volume.  Therefore,  it  can  be  stated  that  at  532  nm.  the  silicon  ablation 
volume  is  relatively  the  same  as  the  silicon  ablation  volume  at  1064  nm.  Silicon  has 
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absorptances  ol  60%  al  532  nm  and  70%  at  1064  nin  (66).  The  consianl  ablaiion  volume 
is  reflected  in  the  similar  absorptances  of  silicon  at  both  wavelengths. 

Signal  versus  crater  volume 

The  signal  emitted  from  the  plasma  is  dependent  on  the  atom  concentration  within 
the  plasma  (34).  Therefore,  it  is  useful  to  relate  the  signal  to  the  volume  of  sample 
ablated.  It  has  been  previously  discussed  that  the  crater  volume  increases  rapidly  at 
lower  irradiances  and  plateaus  at  higher  irradianccs.  Plots  of  signal  versus  volume 
ablated  are  shown  in  Figures  7-9, 7-10, 7-1 1 and  7-12. 

With  respect  to  wavelength,  the  signal  is  considerably  larger  at  532  nm  than  at 
1064  nm  for  copper,  silver  and  gold.  Kim  and  coworkers  found  that  the  excitation 
temperatures  within  the  plasma  are  higher  at  shorter  wavelengths  (67).  Al  higher 
temperatures,  more  atoms  within  the  plasma  will  be  excited  to  higher  energy  states.  The 


Figure  7-  I2A  and  7- 1 2B  show  the  relationship  between  silicon  signal  and  crater 
volume  ablated  at  532  nm  and  1064  nm  respectively.  At  both  wavelengths,  the  silicon 
signal  is  relatively  the  same  at  similar  crater  volumes. 


Using  the  equation  proposed  by  Mocnkc-Blankcnbcrg  (38)  (sec  Chapter  2),  the 
breakdown  thresholds  were  calculated  for  each  metal.  Table  7-4  lists  the  calculated 
thresholds  as  well  as  the  constants  used  in  the  calculation.  The  calculated  thresholds  are 
one  order  of  magnitude  smaller  than  the  smallest  laser  irradiances  used  in  the 
experiments.  Lower  irradiances  were  investigated,  but  no  visible  breakdown  was 


: signal  detected. 


observed. 
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As  described  in  chapter  3,  Ihe  breakdown  threshold  can  also  be  determined 
experimentally.  Researchers  determined  the  breakdown  threshold  as  the  minimum 


S/N  ratio  of  3.  Therefore,  the  breakdown  threshold  is  the  laser  irradiancc  at  which  a S/N 
ratio  of  3 is  obtained.  Other  researchers  have  extrapolated  the  breakdown  threshold  from 
the  ablation  volume  (49).  Using  plots  of  ablation  volume  versus  irradiance,  the 
breakdown  threshold  was  extrapolated  at  Ihe  ablation  volume  equal  to  0. 

From  the  plots  in  figures  7-6. 7-7  and  7-8.  the  experimental  breakdown  thresholds 
were  estimated  using  the  two  methods  described  above.  Table  7-5  lists  the  experimental 
values  as  well  as  literature  values.  The  experimental  values  follow  similar  trends  as  the 

experimental  thresholds  compare  nicely  with  the  literature  values,  with  the  exception  of 
silver.  At  532nm.  breakdown  thresholds  determined  using  the  volume-ablated  method 
follow  the  same  trend  as  the  literature,  but  they  arc  considerably  different  in  value.  At 
1064  nm,  the  experimental  thresholds  do  not  follow  the  literature  trends.  Unfortunately, 
no  literature  values  were  found  for  silicon  at  the  wavelengths  used  in  this  experiment. 

The  two  values  found  at  248  nm  and  266  nm  arc  quite  different  and  are  not  useful  for 
comparison. 

The  experimental  thresholds  can  also  be  compared  to  Ihe  theoretical  breakdown 
thresholds.  The  S/N  method  determines  values  that  arc  closest  to  the  theoretical 
thresholds.  For  copper,  the  value  of  0.4  GW/cm:  (found  using  the  S/N  method)  is  the 
same  as  the  theoretical  threshold  of 0.407  GW/cm\ 


t signal  (50).  The  limit  of  detection  is  defined  as  a 
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With  respect  to  the  volume  ablated  (Table  7-2).  copper,  silver  and  gold  follow  the 
same  trend  in  volume  ablated  as  obtained  in  calculated  breakdown  thresholds  (Table  7-4). 
Copper  has  the  highest  calculated  threshold  of  0.407  GW/cm2  and  the  lowest  ablated 
volume.  Silver  and  gold  have  very  similar  thresholds  of  0.296  GW/cm2  and  0.321 
GW/cm2.  Therefore,  their  ablation  volumes  are  similar  in  value  and  considerably  higher 
than  copper. 

The  breakdown  threshold  of  silicon  is  0,256  GW/cm*.  which  is  the  lowest  of  the 
calculated  thresholds.  Though  silicon  has  a lower  breakdown  threshold,  it  does  not  have 
the  highest  ablation  volume.  However,  because  silicon  is  an  optical  material,  it  can  not 
be  expected  to  follow  the  same  trend  as  copper,  silver  and  gold.  A better  comparison  for 


The  effects  on  laser  irradiance  and  laser  wavelength  on  several  plasma  and  crater 
properties  have  been  discussed.  Several  trends  were  observed. 

• S/N  increased  with  increasing  laser  irradiance  to  a critical  point.  Past  the  critical 
point,  the  S/N  leveled. 

• S/N  was  affected  by  laser  wavelength. 

• The  ablated  crater  volumes  of  Cu.  Ag  and  Au  were  greater  with  532  nm  laser 
radiation  than  with  1064  nm  laser  radiation.  The  ablated  crater  volumes  of  Si  were 
similar  for  both  laser  wavelengths. 

It  was  found  surface  absorptancc  plays  a critical  role  in  the  S/N  and  crater 
volume.  For  optimum  S/N  at  minimal  crater  volumes,  shorter  laser  wavelengths  should 
be  used.  In  addition,  non-linear  measurements  were  observed  in  the  S/N  plots.  The  plots 
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suggest  significant  changes  in  the  laser-material  and  laser-plasma  interactions. 
Experimental  and  theoretical  thresholds  were  compared.  It  was  found  that  the  S/N 
method  is  the  best  to  determine  the  breakdown  threshold. 


Tabic  7- 1 . Average  crater  heights  and  widths  at  5 loser  irradianccs  with  532  and  1064 
nm  laser  wavelengths. 
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Tabic  7-2.  Ablated  volume  for  Cu.  Ag,  Au  and  Si  at  5 laser  irTadiances  with  532  and 


•the  gold  craters  at  th 
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•See  Table  5-2  for  specific  laser  irradianccs  for  each  wavelength. 
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Tabic  7-4.  Calculated  breakdown  thresholds. 


Heat  Capacity 

C, 

<JW 


Conductivity 
tW/m  K) 


Threshold* 

(MW/em*) 


Table  7-4.  Change  in  volume  ablated  at  532  nm  in  relation  to  I064nm. 


Table  7-5.  Experimental  breakdown  thresholds. 


Tip  Deflection  (Angstroms) 


Distance  (urn) 


Figure  7-1.  Typical  proliloineter  scan. 
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Delay  (ns) 


Delay  (ns) 


Figure  7-2-  S/N  ratio  versus  delay  time  for  copper  at  two  laser  wavelengths.  (A)  532  nm; 
<B)  1064  nm. 
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Delay  (ms) 


Delay  (ms) 

Figure  7-3.  S/N  ratio  versus  delay  time  for  silver  at  two  laser  wavelengths.  (A)  532 
(B)  1064  nm. 
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Figure  7-4.  S/N  ratio  versus  delay  lime  for  gold  at  two  laser  wavelengths.  (A)  532 1 
(B)  1064  nm. 
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Figure  7-5.  S/S  ratio  versus  delay  time  for  silicon  al  Iwo  laser  wavelengths.  (A)  532 
(B)  1064  nm. 


Irradiance  (GW/cm2) 


Irradiance  (GW/cm2) 

versus  irradiance  at  532  nm.  (A)  Cu.  Ag  and  Au 


Figure  7-6.  Plots  of  S/N  ' 


a;  (B)  Si. 


S/N  S/N 
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Figu 


Volume  Ablated  (urn3)  Volume  Ablated  (urn3) 
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Irradiance  (GW/cm2) 
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Volume  Ablated  (cm3) 

Figure  7-9.  Plots  of  signal  versus  volume  ablated  for  copper.  (A)  Ai  532  nm;  (B)  Al  1064 
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Figure  7-11.  Signal  versus  volume  ablated  for  gold  532  ran. 
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Figure  7- 12.  Plots  of  signal  versus  volume  ablated  for  silicon.  (A)  At  532  nm;  (B)  At 
1064  nm. 


CHAPTER  8 

CONCLUSIONS  AND  FUTURE  WORK 
In  this  work,  several  experiments  were  performed  in  order  to  study  laser-material 
interactions  between  a Nd:YAG  laser  and  copper,  silver,  gold  and  silicon  surfaces. 
Studies  focused  on  the  time  development  of  spectral  lines  within  a propagating  plasma. 
Several  irradiances  were  studied  as  well  as  two  laser  wavelengths,  532  nm  and  1064  nm. 
Further  studies  showed  the  dependence  of  the  signul-lo-noisc  ratio  on  laser  irradiancc  at 
both  laser  wavelengths.  Breakdown  thresholds  were  determined  experimentally  and 
theoretically  for  each  sample  studied.  The  theoretical  thresholds  were  determined  to  be 
within  one  order  of  magnitude  of  the  experimental  values.  It  was  also  determined  that  the 
surface  absorptancc  is  an  important  factor  that  influences  the  ablation  volume. 

At  the  lowest  laser  irradiancc  studied  (2.3  GW/cm3).  the  amount  of  ablated 
material  is  element  specific  and  dependent  on  laser  wavelength.  At  532  nm.  the  lowest 
ablated  mass  was  0.3  ng  for  Cu.  5.6  ng  for  Ag,  3.4  ng  for  Au  and  0.7  ng  for  Si.  At  1064 
nm,  the  lowest  ablated  mass  was  0.2  ng  for  Cu,  0.05  ng  for  Ag  and  0.46  ng  for  Si. 

Though  Au  craters  at  1064  nm  were  not  measured,  it  can  be  assumed  that  the  mass 
ablated  was  less  than  3.4  ng.  Table  8- 1 compares  the  average  ablated  mass  at  532  nm 
and  1064  nm  with  literature  values.  At  both  wavelengths,  the  experimental  values  were 
one  order  of  magnitude  smaller  than  the  literature  values.  The  average  ablated  mass  was 
2.5  ng  at  532  nm  and  0.2  ng  at  1064  nm.  In  previous  works,  researchers  have  found 
minimum  ablation : 


ts  of  50  ng  at  532  nm  (27)  and  25  ngnl  1064  nm  (67).  Using  the 


microscope,  we  were  able  lo  obtain  ablation  masses  much  smaller  than  earlier 
experiments. 

Previous  researches  have  used  spatial  resolution  to  characterize  the  usefulness  of 
a technique  (69).  The  spatial  resolution  is  denned  as  the  width  of  the  ablation  crater.  In 
our  experiments,  the  average  crater  width  (at  the  lowest  irradiance)  was  33.4  pm  at  532 
nm  and  17.3  pm  at  1064  nm  (Table  8-2).  The  spatial  resolution  found  in  these 
experiments  was  much  smaller  than  values  reported  by  previous  researchers.  Romero 
and  co-workers  have  report  values  of  70  pm  for  a 337. 1 nm  N*  laser  ( 1 9)  and  750  pm  for 
a 532  nm  Nd:YAG  laser  (21 ).  The  microscope  used  in  our  experiments  allowed  for 
tighter  focusing  of  the  laser  and  thus  increased  spatial  resolution.  The  spatial  resolution 
obtained  in  LIPS  is  comparable  to  LA-ICP-MS  and  XPS. 

The  use  of  the  microscope  in  the  experiments  was  essential  in  reducing  the 
dimensions  of  analysis.  The  microscope  increased  the  spatial  resolution  and  decreased 
the  average  ablated  mass  for  each  analysis. 

Further  studies  should  focus  on  developing  the  existing  LIPS  instrumentation  for 
routine  spatial  analysis.  The  instrument  has  been  optimized  for  laser  wavelengths  of  532 
nm  and  1064  nm.  The  instrument  is  capable  of  translating  a sample  in  step-wise  fashion, 
sampling  the  surface  with  the  laser  and  detecting  the  emitted  light.  Using  the  conditions 
presented  in  this  work,  a spatial  resolution  of  17  pm  and  an  ablation  limit  of  0.2  ng  arc 
possible.  A belter  spatial  resolution  might  be  obtained  with  a higher  magnification 
objective  (>10x).  A commercial  microscope  might  also  offer  tighter  focusing.  The 
microscope  built  in  the  lab  had  several  design  flows. 
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In  addition,  an  ideal  instrument  would  be  capable  of  simultaneous  multielement 
analysis.  The  spectral  lines  used  in  this  experiment  were  not  contained  within  the  same 
spectral  window.  Therefore,  spectral  analysis  would  be  best  achieved  with  an  Echelle 
spectrometer.  An  Echelle  spectrometer  has  a spectral  range  between  200  nm  and  850  nm. 

Finally,  the  instrument  needs  to  be  automated  for  routine  analysis.  A computer 
programmer  could  fully  automate  the  focusing  of  the  microscope,  surface  analysis  and 
data  manipulation. 

In  conclusion,  the  work  presented  here  supports  the  further  development  of  laser- 
induced  plasma  spectroscopy  as  new  analytical  method  for  surface  characterization. 


Unlike  Auger  electron  spectroscopy  and  glow  discharge  techniques.  LIPS  analyzes 
conductive  and  insulating  materials,  alike.  LIPS  is  capable  of  localized  microanalysis 


useful  in  clement  identification  and  is  capable  of  spatial  resolutions  on  the  order  of  17.4 


with  micrometer  resolution. 


s.  It  is 


i and  ablation  limits  of  0.2  ng. 


Table  8-1.  Comparison  of  export  menial  values  of  ablated  mass  with  literature  values. 


Laser  Wavelength 


Experimental  Values  of 
Ablated  Mass 
(ng) 


Table  8-2.  Comparison  of  experimental  values  of  spatial  resolution  with  literature  values. 


Laser  Wavelength 


"Taken  from  Romero  et  al  (21). 
'Taken  from  Romero  et  al  (19). 
•With  a 337. 1 nmN2  laser. 


LIST  OF  REFERENCES 


(1)  Shaffncr,  T.  J. , 1997  1996;  American  Iustitute  of  Physics. 

(2)  O'Conner.  D.  J.;  Sexton.  B.  A.;  Smart.  R.  S.  C.  Surface  Analysis  Methods  In 
Materials  Science',  Springcr-Vcrlag:  Berlin.  1992. 

(3)  Vadiilo,  J.  M.;  Laseraa.  J.  J.  Journal  of  Analytical  Atomic  Spectrometry  1997, 12, 


(4)  Vickcrman,  J.  C.  Surface  Analysis  ■ The  Principle  Techniques'.  John  Wiley  and 
Sons:  New  York.  1997. 

(5)  Grabke,  H.  J.;  Mast,  R.;  Ruck,  A.  Process  Technology  Conference  Proceedings 
1997. 15. 183. 

(6)  Walmscy,  J.  C.;  Jones,  G.:  Lee,  B.  J.;  Wild.  R.  K.  Applied  Surface  Science  1997, 

I OS.  289. 

(7)  Hartmann.  A.  J.;  Lamb,  R.  N.  Current  Opinions  in  Solid  State  Materials  Science 
1997,2,511. 

(8)  Blomberg,  E.;  Clncsson.  P.  M.;  Frobcrg,  J.  C.  Biomaterials  1998, 19. 

(9)  Froeschlc.  B.;  Glowacki,  F-;  Bauer,  A.  J.;  Kasko.  L;  Occhsncr.  R.;  Schneider.  C. 
Proceedings  of  the  Electrochemical  Society  1998, 97-35, 415. 

( 10)  Lawing.  A.  S.:  Han.  Y.-P.;  Sawin,  H.  H.  Proceedings  of  the  Electrochemical 
Society  1998, 97-35. 

(11)  Makohliso,  S.  A.;  Leonard,  D.;  Giovangrandi.  L.;  Malhieu,  H.  J.;  Ilegcms,  M.; 
Acbischer.  P.  Langmuir  1999, 15, 2940. 

(12)  Dunlop,  H.  M.;  Benmalek.  M.  Journal  de  Physique  IV 1997, 7, 163. 

( 1 3)  Battaglin.  C.;  Caccavale.  F.:  Menellc.  A.:  Montecchi.  M.;  Nichelatti.  E.;  Nicoletti, 
F.;  Potato.  P.  Thin  Solid  Films  1999, 351, 176. 

(14)  Jeong,  S.  H.;  Borisov.  O.  V.;  Yoo.  J.  H.;  Mao.  X.  L-;  Russo.  R.  E,  Analytical 
Chemistry  1999.  71,  5123. 


(15)  Mao,  X.;  Chan.  W.-T.;  Russo,  R.  E.  Applied  Spectroscopy  1997, 51. 1047. 

(16)  Mao,  X.  L.;  Boisov,  O.  V.:  Russo.  R.  E Spectrochimica  Ada  Part  B 1998,53, 
731. 

(17)  Russo,  R.  E;  Mao,  X.  L.;  Caetano,  M.;  Shannon,  M.  A.  Applied  Surface  Science 
1996, 96-98,  144. 

(18)  Kogan,  V.  V.;  Hinds.  M.  W.:  Ramcndik.  G.  \.  Spectrochimica  Acta  Part  B 1994, 
49,  333. 

( 19)  Romero,  D-;  Lascma,  J.  J.  Analytical  Chemistry  1997, 69. 287 1 . 

(20)  Romero.  D-:  Lascma,  J.  J.  Journal  of  Analytical  Atomic  Spectrometry  1998,  IJ. 
357. 

(21)  Romero,  D.;  Romero,  J.  M.  F-;  Lascma,  J.  J.  Journal  of  Analytical  Atomic 
Spectrometry  1999, 14, 199. 

(22)  Vaditlo.  J.  M.;  Milan.  M.:  Lascma,  J.  J.  Fresenius  Journal  of  Analytical 
Chemistry  1996, 355, 10. 

(23)  Vaditlo,  J.  M.;  Vadillo,  I.;  Carrasco,  F.;  Lascma,  J.  J.  Fresenius  Journal  of 
Analytical  Chemistry  1998,  J6I,  1 19. 

(24)  Luccna.  P.;  Vadillo.  J.  M.;  Lascma.  J.  J.  Analytical  Chemistry  1999,  71, 4385. 

(25)  Hildago,  M.;  Marlin,  F.;  Lascma.  J.  J.  Analytical  Chemistry  1996, 68, 1095. 

(26)  Vadillo.  J.  M.;  Garcia.  C.  C.:  Palanco.  S.:  Lascma,  J.  J.  Journal  of  Analytical 
Atomic  Spectrometry  1998,  IS,  793. 

(27)  Milan,  M.;  Luccna  P.;  Cabalin,  L,  M.;  Lascma,  J.  J.  Applied  Spectroscopy  1998, 


(28)  Maiman.  T.  H.  Nature  1960, 187, 493. 

(29)  Ingle,  J.  D.;  Crouch,  S.  R.  Speclrochemical  Analysis:  Prentice-Hall.  Inc.: 
Englewood  Cliffs,  1988. 

(30)  Miller,  1 . C.;  R.  F.  Haglund.  J.  Laser  Ablation  and  Desorption:  Academic  Press: 
San  Diego,  1998. 

(31)  Ready,  J.  F.  Effects  of  High-Power  Laser  Radiation:  Academic  Press:  New  York, 
1971. 


159 


(32)  Brech.  F.;  Cross.  L.  Applied  Spectroscopy  1962, 16, 59. 

(33)  Allmen,  M.  v.;  Blailcr.  A.  Loser-Beam  Interactions  with  Materials',  Springcr- 
Verlag:  Berlin.  1995. 

(34)  Cremers.  D.  A.;  Radzicmski.  L.  J.  Laser-Induced  Plasmas  and  Applications', 
Marcel  Dckkcr.  Inc.:  New  York.  1989. 

(35)  Darke,  S.  A.;  Tyson,  J.  F.  Journal  of  Analytical  Atomic  Spectrometry  1993, 8, 
145. 

(36)  Ahmad.  I.;  Goddard.  B.  J.  Junta I Fizak  Malaysia  1993, 14, 43. 

(37)  Moenke-Blankenburg,  L.  Laser  Microanalysis',  John  Wiley  & Sons:  New  York. 


(38)  Vertes,  A.;  Gijbcls,  R.;  Adams,  F.  Laser  Ionization  Mass  Analysis',  John  Wiley  & 
Sons.  Inc.:  New  York.  1993. 

(39)  Ready,  J.  F.  Applied  Physics  Letters  1963, 3, 1 1. 

(40)  Russo,  R.  E.  Applied  Spectroscopy  1995, 49,  14A. 

(41 ) Skoog,  D.  A.:  Leary.  J.  J.  Principles  of  Instrumental  Analysis:  Saunders  College 
Publishing:  Fort  Worth,  Texas,  1992. 

(42)  Gomushkin.  1.  B.;  King,  L.  A.:  Smith.  B.  W.;  Omenclto.  N.;  Winefordner,  J.  D. 
Speclrochimica  Acta  1999,54  B,  1207. 

(43)  Ktokhin.  O.  N.  In  Laser  Handbook:  Arecchi.  F.  T„  Schulz-Dubois,  E O..  Eds.; 
North-Holland  Publishing  Company:  Amsterdam,  1972;  Vol.  2,  pp  1371-1407. 

(44)  Arnold.  N.;  Luk'yanchuk.  B.;  Bityurin,  N.  Applied  Surface  Science  1998, 127- 
129. 184. 

(45)  Stuart,  B.  C.;  Feit,  M.  D.;  Herman,  S.;  Rubonchik,  A.  M.;  Shore,  B.  W.;  Perry,  M. 
D.  Physical  Review  B 1996, 53,  1749. 

(46)  Stuart,  B.  C.:  Feit,  M.  D.:  Herman.  S.;  Rubcnehik.  A.  M.;  Shore.  B.  W.;  Perry,  M. 
D.  Journal  of  the  Optical  Society  of  America  B 1996, 13. 459. 

(47)  Linde,  D.  v.  d.;  Schuler,  H.  Journal  of  the  Optical  Society  of  America  B 1996, 13, 
216. 

(48)  Downer,  M.  C.;  Fork,  R.  L.;  Shank,  C.  V.  Journal  of  the  Optica!  Society  of 
America  B 1985, 2. 595. 


If  II 


*.A.:ChiUl,W.-T.;l 


(65)  Ude,  D.  R.  CRC  Handbook  of  Chemistry  and  Physics:  CRC  Press:  Boca  Raton. 
Florida.  1995. 

(66)  Webpage  htlpt/Avww.gps.caltech.edit/genesis/rhermal-Coll.hlinl,  2000. 

(67)  Kim.  T.;  Yoon,  Y.;  Lee.  G.  Journal  of  the  Korean  Physical  Society  1999, 35. 198. 

(68)  Lu.  Y.  F.;  Hong,  M.  H.'.  Low,  T.  S.  Journal  of  Applied  Physics  1999, 85, 2899. 

(69)  Vadillo,  J.  M.;  Planco.  S.;  Romero.  M.  D.;  Lascma.  J.  J.  Fresenius  Journal  of 
Analytical  Chemistry  1996 ,355, 909. 


BIOGRAPHICAL  SKETCH 


Gretchen  E.  Polls  was  bom  in  Fremont,  Ohio,  on  December  17, 1973.  She  is  the 
middle  child  in  a family  which  includes  her  parents.  Tom  and  Linda,  sister  Karin  and 
brother  Chris.  Gretchen  attended  high  school  at  Avon  Lake  High  School  in  Avon  Lake. 
Ohio.  She  received  a B.S.  in  chemistry  and  a minor  in  mathematics  from  Miami 
University  at  Oxford.  Ohio,  in  1996. 


162 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 

[/[/  — 

panics  D.  Winefordncr.  Chair 
Graduate  Research  Professor  of 
Chemistry 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy 


I certify  that  1 have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy. 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  inxCopc  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy, 


I certify  that  I have  read  this  study  and  that  in  my  opinion  it  conforms  to 
acceptable  standards  of  scholarly  presentation  and  is  fully  adequate,  in  scope  and  quality, 
as  a dissertation  for  the  degree  of  Doctor  of  Philosophy/ 


This  dissertation  was  submitted  to  the  Graduate  Faculty  of  the  Department  of 
Chemistry  in  the  College  of  Liberal  Am  and  Sciences  and  to  the  Graduate  School  and 
was  accepted  as  partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy. 

August  2000  

Dean.  Graduate  School 


